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Fig 2.1: Conceptual diagram of continuity for robot system
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Fig 2.2: Timeline of DRC run of NEDO-JSK team, 2nd day[23]
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Fig 2.3: Ammount of task execution time of DRC run of NEDO-JSK team, 2nd day[23]
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Fig 2.4: The concept of task execution system and state estimation. Upper: standard task
execution system with task dependent states. Lower: proposed task execution system with
task independent states by accumulated state estimation.
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Fig 2.5: Examples for state accumulation and task dependency in dierent level of a
system
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Fig 2.6: Proposed continuous task execution system for humanoid robots
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2.3???????????,???????????????????????
????????????????????????????????????.
????????????????????????????, ???????
??????????????????????. ??????????????
????? [27]??, ???????????????????????????
?????????????????????????????????????
?????. ????? [28]???????????????????,?????
?????????????????????????????????????
???????????????????????. ?????????????
— ? 2???????????????????????????????
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?????????????????????????? [29]?????????
??. ????????????????????????,??????????
?????????????, ???????????????????????
????????.
????????????????????????????????????
???????????????????????,??????????????
?????????????????????????????????????
??????. ??????????????????????????????
?????????????????????????????????????
????????????????????. ????????????????
???????????????????, ?????????????????
?????????????????????????????????, ???
?????????????????????????????????????,
????????????????????????????????????.
?????????????????????, ??????????????
?????????????????????????????????????
?????????????????????. ???????????????
?????????????????, Khatib? [30]?????????????
?????????????????????. ???????????????
???? [31]???????????????????????????????
???????????????????????????, ?????????
??????????????????????. ??????????????
????????????????????????????, ????????
?????????????????????????????????????
????????????. ??,??????????????????????
?????????????????????????????????????
??. ?????????????????????????????????,?
?????????????????????????????????????
?????????????????.
?????????????, ??????????????????????
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??????????????. ?????????????????,?????
?????????????????????????????????????
??,???????????????????????????????????
??????????????????? [32]. ????????????????
??????????,???????????????????????????
?????????????????????????????????????
???????????????,?????????????????????.
Trujillo? [33]??????????????????????????????
????????????????????????????, ????????
?????????????????????????????????????
???????????????. ?????????????????????
??????????,???????????????????????????
?????????????????????????????????????
?????.
???????,?????????????,???????????????
???????????????????????????. ?????????
?????????????????????????????????????
?, ???????????????????????????????????
????. ????????????????????????????????
?????????, ???????????????????????????
????????????????????. ????????????????
?????????????????????, ???????????????
????????????. ????????????????????????
????????????????????????????????.
???? 2.4??????????????????,????????????
??????????????????, ??????????????????
??????????????????????????????????,???
??????????????????????????. ??????????
??????????????,????????????,??????????
?????????????.
— ? 2???????????????????????????????
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2.5.2 ?????????????????????????
????????????????????????????????????
???????? 1????????. ???????????????????
???????????????????????????? [34], Gams????
PedalRacer????? [35],??????????????? [36],???????
???????? [37]????????. 2.3?????????????????
???????, ?????????????????????????????
???????????????. ?????????????????????
?????????????????????,????????????????
????????????????.
????????????????????????????????????,
??????????????????????????????. ??????
???????????????????????????????, IMU(Inertial
Measurement Unit)?? 6??????????????????????????
Masuya? [38]??????. ?????????????????? IMU???
??????????????, ??????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????. ????????????????????????????
??????. ??????????????????????????????
??????????????????????,???????????????
???????????????????????.
????????????????????????????????????
?????????????????????????. Thompson? [39]????
???????????????????????,??????????????
?????????????????????. ?? Kwak? [40]???????
??????????????????? 3?? SLAM???,????????
??????????????. ??????????????????????
??????????????????????????????????, ??
36 — ? 2???????????????????????????????
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???????,??????????????????????????????
???????????????????????????. ?????????
?????, ???????????????????????????????
?????????????????. Stasse? [41]??? SLAM???????
????????????????? Extended Kalman Filter???????. ??
Oriolo? [42]???????????????????? IMU??????,??
????????????Extended Kalman Filter???????????????
?????????????????????????. ???????????
???????????????????????????????.
??,????????????????????? LRF(Laser Range Finder)?
???????????????????????????. LRF????????
?????????????????????????????????????
????????????. ?????????????????????????
?????????????????????????????????????
????????. ??????????????????,??????????
??????????????????. Thompson? [43]???????????
???????? LRF???????????????????????????
???????????????, ?????????????????????
???????. Hornung? [44]?????????????LRF????,???
????? LRF?????,?? IMU?????????Monte Carlo Localization
???? 6??????????????. ??????????????????
???????????????????????. Tellez? [45]????????
????????????? LRF???? SLAM??????????????
????????????????????????. ???????? LRF??
?????????????????????????????????????
?????????????,????????????????????????
???????????????????,??????????????????
?????????????. ?? Fallon? [46]???????????????
??, IMU??????????????? 3??????????,??????
??????????????. ???????????,???????????
— ? 2???????????????????????????????
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???? 3?????????? 30[sec]??????????????. ????
????????????????????????????????????.
??????????,??????????????????????????
?????????. ????????,????? LRF???? SLAM????
?????????????????????????????????????
?????????????????????????. ????????????
?????????????????????????????????????
?????????????. ????????????????,???????
??????????????????????. ??????????????
??????,??????????????,????????????????
?????????????????????????????????????
?????????????????????????????????????
????????. ??????????????,??????????????
?????????????????????????????????????
?????????????????????. ?????????????,??
???????????????????????, ?????????????
????????????. ????????????????????????
?????????????? IMU?????????????????????
???????????????,??????????????????????
???????????. ?????????????????????????
??????????????????,???????????????????
?????????????????????????????.
??????????????????, ?????????????????
?????????????? SLAM???. ????????????????
????????, 2?? SLAM???????. 2?? SLAM???????,?
?????????????????????????????????,????
?????????????????????????????????????
?????????. ???????????????????????????
??????????????????????????????,???????
?????????????????????????????????????
38 — ? 2???????????????????????????????
—
?????????????. ??, 3????????????????????
?????????????????????,????????????????
???????,??? 3?????????????.
???? 2.4??????????????????,????????????
?????????????????????????,????????????
??????????????????????????. ???????,???
??,???????????????????????????????????
?????????????????????????,????????????
?????????????????????????????????????.
2.5.3 ?????????????????????????
2.3???????????????????????????????????
????????????, 2.2????????, ??????????????
??????????????????????. ??????????????
???????????????, ?????????????????????
?. ???????????????????????????????????
???????????????????????????????,??????
?????????????????????????.
???????????????, ????????????????????
???????????????????????????. Ozawa? [47]???
????????????????????????? 3???????????
??????????????????, ??????????????????
?????????????????????????????. Fallon? [48]?
Stereo Fusion????????????????,????????????. ??
? Stereo Fusion??????????????????????????????
???,?????????????????.
??????????????????????????????????, ?
?????????????. ??? [49]??????????????????
?????????????,???????????????????????.
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Chestnutt? [50]??????????????????????????????
???. ??????????????????????????????????
??????????????????, ??????????????????
???????????????????????????????.
????????, ???????????????????????????
? 2.5.2?????????????????????????????????.
?????????????????????????????????????
?, ???????????????????????????????????
?. ??????????????????????????????,?????
?????????????????????????????????????
???.
???? 2.4??????????????????,????????????
?????????????????????????, ???????????
?????????????????????????????????????
????,?????????????????????????????????
??????????????????. ??????????????????
?????????????????????????????????????
???????????????????????????.
2.5.4 ?????????
???????????????????????????????,?????
?????????????????????????.
????????????????????,????????????????
???????????????????????????????. ?????
???????????????????????, ?????????????
????????????????. ??? 2.3???????????,????
????????????????????????????,?????????
?????????????????????????????????????
?????.
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DARPA Robotics Challenge????????????????????????
?????. Cisneros? [14]? Choreonoid??????????????????
????. ?????????????????????? LRF????????
????????????????????????????????????.
Rodehutskors? [51]????????????????????????????
???????????. ?????????????????????????
????????????, ????????????????????????
???????????????????,??????????????????
???????????????. ?????????????????????
????????????????????????????,?????????
?????????????????????????????????????
??????.
???????????????????????,?????????????
?????????????
(1) ??????
(2) ????????????
(3) ????????????
(4) ??????
?????????. (1)??????????????????????????
???????????,??????????????????????????
????????????. ?????????? Sian? [52]?????????
???????????????????????. (2)????????????
??????????????????,???????????????????
?????????????????,?????Chestnutt? [53]???????
?????????????????????????????????????
???????. ???????????????????,??????????
????????????????????Human-in-the-Loop????? [54]. (3)
????????????????????????????????????,?
— ? 2???????????????????????????????
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?????????????????????????????????????
??????. ????????????? Supervised autonomy[25]??????
????????????. (4)???????????????????????
????????,?????????????????????????????
??????????????????.
?????????????????????????????? (1)????
????????????????, ????????????????????
??????????? (4)???????. ????????, (3)???????
?????????????????????????????????????
?????????????????. ???????????????????
?????????????????????????????????????
????,?????????????????????????????????
?????????????????????????. ????????????
???????????????, ?????????????????????
????????????. ????????????????????????
????????????????,?????????????????????
??????????????????.
2.6 ????
?????????????????????????????????????
??????????????,?????????????????,?????
???????????????????????????????????. ?
?????????????????????????????????????,
?????????????????????????????????????
???????????,????????????. ??,??????????
??????????????????????????????, ??????
????. ?????????????????????,???????????
?????????????????????????????.

?3?
?????????????????
??????????
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Fig 3.1: Proposed thermal control system in whole robot systems
3.1 ????
?????????????????????,???????????????
????????????????????????. ????????????
?????????? Fig.3.1???. ??????????????????, ?
??????????????????. ??????????????,????
?????????????????????????????????????
?????????????????????????????????????
???????. ??????? [55]?????????.
46 — ? 3????????????????????????????? —
3.2 ????????????????????
???????????????????, ????????????????
??????????????????????. ??????????????,
???????????????,??????????????????,???
?????????????????????????????????????
??????. ??????????????????????????????
?????????????????????????,????????????
?????????????????????????????????????
???.
????????????????????????????????????
?????????????????,????????????????????
?????????????? 2???????????????. ???????
?????????????????????????, ???????????
?????????????????????????? [56]. ????????
?????????????????????????????????????
?????????????????????????????????????
????????, ????????????????????????????
??????????????. ??????????????????????
????????????????????????????????? [27]??
?????????????????????????????? [57]?????
??. ??????????????????????????????????
?????????????????????????????????????
???????????????????.
?????????,???????????????????????????
?????????????, ???????????????????????
?????????????????????????????. ???????
????????????????????????, Fig.3.2?????????
????????????????????????. ????????????
?????????????????, ???????????????????
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Fig 3.2: Summary of joint load reduction system[55]
??????????????????????????????. ??????
????????????????????????????????????,?
???????????????????????????????, ?????
?????????????????????????????????????
?????????.
3.3 ??????????????????????
????????????????????????, ???????????
??????????????????. ????,??????????????,
?????????????????????. ???????????????
?????????????????????????????????????
??.
48 — ? 3????????????????????????????? —
3.3.1 ?????????????
??????????????????????????????????, ?
?,??????,?????????? Fig.3.3??????????? [33]. ??
?????,??????????? Re,???Cw???????,?? I????
???????????????? Tw????????. ??????????Cc
????????????????? Rw???????????,???????
?? Tc???. ??????????????? Rw??????? Ta?????
????. ???? Ta?????????????????????????.
????????????????????????????????????
????????????????????. ?????????Re,??????
??? I,????????C,???????? R????,??????????
Fig.3.3???????????. ???????? Ta???,?????????
???????????????? T ???,?? T ?????.
Fig.3.5??????????????,??????????????????
???????????????. ???? t????????????? Qg?
???????? V ,??????????? Rc??? Eq. 3.1??????. ??
?????????????????????????????????????
????????????? [56]????,??Qg? Eq. 3.2?????????.
Qg = (ReI2 +
V2
Rc
)t (3.1)
Qg = ReI2t (3.2)
?????? t??????? T ????? Ta???????????????
Qt?,??? qt???? Eq. 3.3??????.
Qt = qtt =
Ta   T
R
t (3.3)
????? Q??? T ???? Q = CT ??, ????????? Eq. 3.4??
???????.
T = fRe
C
I2   1
CR
(T   Ta)gt (3.4)
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Fig 3.3: Thermal model of a joint motor[55]
3.3.2 ?????????????????
Eq. 3.4?????????????????,???????????????
Kh = ReC ?? Kc =
1
CR ?????????. ??????????????????
???????????????????????. ??,????? Kh????
?????????, Kc????????????????.
????????????????????? I = Ic???????????. ?
????Eq. 3.4??? t?????????Eq. 3.5???. ??? k??????.
T (t) = ke 
1
CR t + (Ta + RReI2) (3.5)
????????? I = Ic???,????Eq. 3.6???. ???????????
????????????????,???? I = 0??????????Eq. 3.7?
??.
T (t)   Ta =
8>><>>: k1e 
1
CR t + RReI2c if I = Ic (3.6)
k2e 
1
CR t if I = 0 (3.7)
50 — ? 3????????????????????????????? —
?????????? Eq. 3.7? Eq. 3.8???????????????????
??? b = Kc???.
f1(t) = a1e bt (3.8)
???????????Kc????????????Eq. 3.6?Eq. 3.9??????
??????????? c = RReI2c ???.
f2(t) = a2e Kct + c (3.9)
??????? Eq. 3.10???????? Kh???.
Kh =
c
I2c
Kc (3.10)
??,????????? I?????? ????? k????Eq. 3.11????
???????. k??????,???????.
 = kI (3.11)
???????Eq. 3.4???????????Eq. 3.12????????????
?????????????????????????????????????
????????.
K0h =
Kh
k2
(3.12)
3.3.3 ????????????????????
3.3.1????????????????? 3.3.2??????????????
?????????.
???????????HRP-4R[58]???? pitch? (L ELBOW P)?????
?????? 170[mm]???? 5[kg]????????????????????
?????????. ??????????????????????,?????
??? 3.3.2 ???????????????????????????????
?????????. ?????????????????????? 13.5[Nm]?
??????????.
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Table 3.1: Thermal parameters of elbow pitch joint in left arm[55]
Parameter Value Standard Deviation
Heat Coecient(Kh) 2.5  10 4 0.36
Radiation Coecient(Kc) 1.9  10 3 0.31
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Fig 3.4: Temperature of elbow pitch joint in left arm(Red) and result of fitting(Green).
Left: in heating, Right: in cooling[55]
????????????????????? Fig.3.4?,??????????
????? Table. 3.1 ???. ???????????? 3.3.1 ????????
????????????????????,?????????????. ???
Fig.3.5 ?????. ????????? 1[C]????????????????
??????. ??????????????????????????????
????????????????????????????????,?????
???????????????????????????. ?????????
??????????????????????????????????, 1[C]
?????????????????????????????????????
???,??????????????????????.
3.3.4 ??????????????????????
Eq. 3.4???????????????????????????????,?
?????????????????????????????????.
????? T ????? t????t?????? Tmax???????????
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Fig 3.5: Left: Equivalent circuit of thermal model of a joint motor, Right: Comparison
of real temperature (Red) and estimated temperature (Green) in elbow pitch joint in left
arm[55]
? I?????????, Eq. 3.4? I????????? Eq. 3.13???????.
I2 <
1
Kh
fTmax   T
t
+ Kc(T   Ta)g = I2max (3.13)
Eq. 3.11????????????????????????????,?????
k,??????? ???Eq. 3.14?????? Tmax?????????????
max?????.
max = kImax =
r
1
Kh
fTmax   T
t
+ Kc(T   Ta)g (3.14)
???????? Eq. 3.15?????????????????????????
????,???????? Tmax??????????????????????
????. ????????????????????????????????
??,???????????????????????????????????
???????????. ????????????? margin  0????,???
????????????? max?? margin?????,?? kk < kmaxk   margin
??????????????????????. ?? Eq. 3.14??, max > 0??
?.
d = maxif kk > kmaxk (3.15)
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3.4 ???????????????????
?????????????????????, ??????????????
????????????????. ????,????????????????
????????????.
3.4.1 ??????????????
??????????? d?????????????????????. ??
??????????????? d,???????? ????????? c??
???????????????????????. ???,??????????
?????????Eq. 3.16?????. ??????????????Gr???.
(s) =
1
1 + cs
d(s)
= Grd(s) (3.16)
3.4.2 ??????????
????????????? P???????, Eq. 3.16 ??????????
??? P????????????????????. ????????,????
???? Eq. 3.17?????????????????????????. ???
???????????????????C1???????????C2????,
??????? Q???? Eq. 3.18 , Eq. 3.19?????????,???????
?????????Gr????? [59]. ?????????Q? Eq. 3.20????
[60]. ???????????????????????? Fig.3.6???.
!(s) =  C1(s) +C2fd(s)   (s)g (3.17)
C1 =
1
P
 Q
1   Q (3.18)
C2 =
Gr
1  Gr 
1
P
 1
1   Q (3.19)
Q = Gr =
1
1 + cs
(3.20)
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Fig 3.6: Joint torque control system by Two DoF Controller [61, 55]
3.4.3 ?????????
?????????? P???,?????,??,?????????????
????. ??,????? ????? q? Eq. 3.21?????????.
 =  keq + kdq˙ + kiq¨ (3.21)
??? ke??????, kd???, ki??????????????. ???????
????????,???? q = 1s!,??? q˙ = !,???? q¨ = s!???Eq. 3.22?
????. ?????????? P???.
(s) =  ke
s
!(s) + kd!(s) + kis!(s)
= P!(s) (3.22)
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3.4.4 ????????????????????????
?????????????????? Eq. 3.17? Eq. 3.18 , Eq. 3.19 , Eq. 3.20 ,
?? Eq. 3.22 ???????????????, ???????????????
???? Eq. 3.23???????.
!(s) =   1
cki(s2 + kdki s   keki )
f   (d   )g
+
1
2ckis(s2 +
kd
ki
s   keki )
(d   ) (3.23)
?????????, Eq. 3.23???????? Eq. 3.24???????.
!(t) =   1
cki
(
Z t
0
f (t)(t   u)du  
Z t
0
f (t)g(t   u)du)
+
1
2cki
Z t
0
f
Z u
0
f (v)dvgg(t   u)du (3.24)
Eq. 3.24????, f (t), g(t)????? Eq. 3.25 , Eq. 3.26???????.
f (t) = e t sinh(t) (3.25)
g(t) = d(t)   (t) (3.26)
???, , ? Eq. 3.27????????????????.
s2 +
kd
ki
s   ke
ki
= (s + )2   2 (3.27)
???????????????t??????????Eq. 3.28????, Eq. 3.29?
????????? qre f ? q??????????????? d???????
?????????? qnewre f ???.
q = !t (3.28)
qnewre f = qre f + q (3.29)
3.4.5 ????????????????????????
???????????? P??? ke,?? kd,?? ki?????????. ??
??????????? (ke; kd; ki)????????,???,??????????
56 — ? 3????????????????????????????? —
????????, ???????????? Eq. 3.21 ????????????
????????????????????????????????????.
???????????HRP-4R[58]???? pitch? (L ELBOW P)?????
??????????, ????????, ???????????, ??????
????????????????????. ??????????, ?????
????? ke = 2.48, kd = 23.7, ki = 1.12???????. ??? Fig.3.7 ????
??. ??????????????????????????? 1.40[Nm]???
?. ??????????????????????  = 10.5,  = 10.6, ki = 1.2?
??,??? c =0.5??? L ELBOW P???????????????. ???
Fig.3.7 ??????. HRP-4R?????????????????? 1[Nm]?
??????????????,?????????????????????. ?
???????????????????? q? Fig.3.7?????????. q
????-1.3[rad]??????. ???????????????????????
?????????????????????????.
3.5 ??????????????????
3.5.1 ??????????????????????????
????????????,????????????????????????
?????????????????????????????????????
???????????. Fig.3.8??????HRP-4R????????????
??????????????????, 30???????????? pitch???
???????????????????????. ??????????? Kh =
7.0  10 5 ?? Kc = 1.5  10 3,?????????????? t =120???. ?
???????????????????????????????, ki = kd = 0, ke
= 400, c = 0.04??????.
??????? Tmax =40.0?????????????????? Fig.3.8???
?,???????? Fig.3.8???????. Fig.3.8?????????????
t =50[sec]???????????????????? max??????????,
???????? ????? max???????? max???????????
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Fig 3.7: Left: Evaluation experiment for identification of motor model, Top right: Result
of multiple regression for left elbow pitch joint for HRP-4R, Bottom right: Result of
torque control for left elbow pitch joint for HRP-4R[55]
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Fig 3.8: Left: Experimental environment of HRP-4R on drive seat, Top right: Max torque
by temperature limitation and output torque at hip pitch joint in left leg when sitting,
Bottom right: Temperature limitation at hip pitch joint in left leg when sitting[55]
?????????????????. ?? Fig.3.8??????????????
?????? pitch?????????????? Tmax?????,???????
?????????????????????.
3.5.2 ??????????????????
????????????????????????????????????
???????????????? STARO[62]????????????,???
??????????????????????????????. STARO???
???????????????? Table. 3.2???. STARO???,?? Pitch?
?????????????????????????????????????
????????????. ???????????t = 120??,???????
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Table 3.2: Thermal parameters of STARO[55]
Parameter Normal Joint Water Cooled Joint
Heat Coecient(Kh) 1.6  10 5 1.05  10 5
Radiation Coecient(Kc) 5.5  10 3 5.6  10 3
Table 3.3: Torque control parameters of STARO[55]
Joint   ki
Hip Pitch 3.0 2.0 10.0
Knee Pitch 5.2 3.0 5.0
Ankle Pitch 4.8 3.0 2.0
??? margin = 130 [Nm]???. ?????? Fig.3.9???. ?? 310[mm]???
?????????????????????????? [29]?????????
?. ??????????????? 1000[Ns2/m],???? 10000[Ns/m],????
5000[N/m],????? 0[N]????????????????????.
?????????????????????,????? Fig.3.9? III????
????????????????? 400[Nm]???????????????,?
???? 140 [C]???????????????????. ??????????
????????? Pitch?? 3?????? Tmax? 100[C]??????????
?????????, Fig.3.9???????????????????? 200[Nm]
??????????? Fig.3.9???????????????????????
Tmax??????????????????.
STARO?????????????? Table. 3.3???. ?????? c =10.0,
???????????????????????.
3.6 ????
??????????????????, ?????????????????
??????????????????????. ??????????????
???????????????????????????. ?????????
????????????,?????????????????????????
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Fig 3.9: Left: Motion of STARO to overcome a step of 310[mm] to get into drive sim-
ulator, Top right: Transition of actual joint torque and torque limit at knee pitch joint in
right leg, Bottom right: Estimated temperature of motor windings at knee pitch joint in
right leg[55]
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???????????????????????. ?????????????
???????????????,??????????????????????
????????. ????????????????????????????
?,??????????????????????????????. ?????
?????????????????????????????????????
????????,?????????????????????????????
??????????????. ???????????????????????
???????,??????????????????????????????
?????????????????????????. ??????????,?
?????????????????????????????????????
?????????????,????????????????????????
????????????????????????. ????????????,
?????????????????????????????????????
?????????????????.

?4?
?????????????????
??????
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Fig 4.1: Proposed localization and environment accumulation system in whole robot
systems
4.1 ????
????????????????????????????????????
????????????????????????????????. ????
????????????????????, ????????????????
??. ??????????????????????????????????
????????????. ????????????????????????
Fig.4.1???. ??????????????????????????????
???????,????????????????????????????,?
?????????????????????????????????????
66 — ? 4????????????????????????? —
?????????????. ??????? [63]?????????.
4.2 ???????????????????????
?????????????????
??, DARPA Robotics Challenge[11]????????????????????
?????????????,????????????????????????
???????????????????????????. ??????????
??????????????????????????,???????????
?????????????????????????????????????
???????,??????????????????????????????
?????????. ???????????????????????????
?????????,????????????????????????????
????????????????????????. ????????????
?????????????????????????????????????
????,?????????????????????????,???????
?? 2?? SLAM?? 3?????????????????????????.
4.2.1 ???????????????????????????
???????? 3???????????????????????????
?????????????????????????????????????
?????. ????????????????????????????????
???, ?????????????????????????????????
???????????????????. ?????????????????
?????????, Fig.4.2?????????????????????? 3?
? SLAM????????????,????????????????????
?????? 3??????????????????????????????
????????????? [46, 48]. ????????????????????
????????????????????????. ???????? Fig.4.2?
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Fig 4.2: Comparison of integration concepts for localization and recognition
???????,????????????????? 2?? SLAM??????
3?? SLAM????????????????????????????, ??
??????????????????????????? 3???????? 3
???????????????????????????????????.
4.2.2 ????????????????????????????
?????????
?????????????, ??????????????????????
??????????????????. Fig.4.3 ??????????. ????
?????, ???????????????????????????????
?????????????????????????????????????
????????????????????????????. ???,?????
?????????????????????????????????????
?????????????????. ???????????????????
?????????????, ???????????????????????
????????????. ????????????????????????
?????????????????????????????????????.
??????????????????????????, ??????????
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Fig 4.3: Integration of localization and recognition based on execution frequency, local-
ization accuracy and pointcloud density
??????????????????????????????????. ??
?????????????????????????????????????
?????????????????????????????????????,
???????????????????????????????? 2????
???????????????. ?????????????????????
???????????????????????????????. ?????
??????????????????,?????? 2?? SLAM??????
?????????????. ?? 2?? SLAM???????????????
?????????????????????????????????????
??????????????????????????????????.
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4.2.3 ????????????????????????
????????????????????????????????????
?. ???????????????????????????????????
?????????????????????????????????????
???????????????????????. ?????????, Fig.4.4?
?????????????????????????????????????
?????????????????????????????????????
??????????????????.
????????????????????,??????????,?????
?????????????????????????. ????????????
??????????????????????????????,???????
?????????????????????????????????????
??????????. ParticleFilter?????????????????????
????????????????,?????????????????????
??????????????????. ????????????????? x,
y????? yaw??????????????????????????, z??
???roll/pitch???????????????????????????. ??
???????????????,????????????? z????????
?????????????????????????????????????
???????????.
????????????????????????????????????
???????????????????????????????. ??????
????????????????????????, ????????????
??????????? [44, 46]. ??????????????????????
???????????????????????????, ?????????
?,??????????????,?????????????????????
?????????, ???????????????????????????
?????????????????????????????????????
???????. ??????????????????????????????
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Fig 4.4: Sensor fusion considering frequency and reliability of sensor information
????????????????????, ????????????????
??????????. ??????????????????????????
?????????????????????, ParticleFilter??????????
???????????????????????.
4.2.4 ????????? SLAM????????????
???????????????????????????????????,?
?????????????????????????????????????
????????????????. ?????????????????????
???????? SLAM????. ???????????????,??????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????.
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??? 4.2.3???????????????????????????????
???????????????????????????? 2????????
?? 3???????????????. ??????????????????
?????????????????, ???????????????????
????????????????????????,?????????????
?????????????????????????????????????
??????????? SLAM???????????????. ???????
????? SLAM???????????????????,?????????
??????????.
4.2.5 ???????????????????????????
??????????????????????????????, ?????
????????, ????????????????????????????
?????????????????????????????????????
????????????????. ????????,????????????
??????????????????????????????. ??????
?????????????????????????????????????
??????. ?????????????????????????,?????
??????????????????????????????. ??????
?????????????????, ???????????????????
?????????????????????. ?????????? [23]???
heightmap????????????????. ?????? heightmap????, 2
?????????????????????????????????????
??????????? 4.2.4 ???????????????????????
?????????????????, ???????????????????
?????????????.
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4.3 ??????????????????????
4.3.1 ??????????
????????????????????????????????????
????????????????. ????????????????????
?Klein? [64]? Forster? [65]??????????????, Bachrach? [66]?
Kerl? [67]????RGB-D??????????? depth?????????,?
??Kitt? [68]???????????????????????. ??????
??????? Stasse? [41]?Oriolo? [42]?????????????????
??????,???????????????????????????????
?, scale???????????????????. ??RGB-D????????
???????????????????????, ?????????????
?? GPU????????????????????????????????
??????????????????????. ???????? Kitt????
?????????????????????? [68]????. ????????
??????????????????????, ??????????????
???????????????????????????????. ?????
?????????????????????????????????????
???????????????????,???????????RANSAC??
?????????????????????????????????????
???.
??,????????????????????????????,?????
?????????????????????????????????????
????. ????????????????????????????????
????????????? T cb???????. ???????????????
??????????????? Hcw????????????????????
?????? T cb????,??????????? Hbw? Eq. 4.1??????.
Hbw = H
c
w(T
c
b)
 1 (4.1)
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4.3.2 ???????????????????????
??????????????????????? 4.2.3???????????
??????????, ??????????????????????????
???????????. ?????????????????????????
?????????????????????????.
????????????
?? x(t)? Eq. 4.2?????????.
x(t + t) = f (x(t); x˙(t)) (4.2)
?? x(t)??? xˆ(t)??????x(t)???????, Eq. 4.2?????? xˆ(t), ˆ˙x(t)
???????????????????????? t +t??????x(t +t)
????? Eq. 4.3???????. ??,?????????????.
x(t + t) = f (xˆ(t); ˆ˙x(t)) +
@ f
@x
x(t) +
@ f
@x˙
x˙(t) (4.3)
???????, x(t)????????? x(t)? Eq. 4.4?????.
x(t) = E[x(t)xT (t)] (4.4)
x(t)? x˙(t)????????????, Eq. 4.5?????.
E[x(t)x˙T (t)] = E[x˙(t)xT (t)] = 0 (4.5)
Eq. 4.5????, Eq. 4.4?? Eq. 4.6?????.
x(t + t) =
@ f
@x
x(t)
@ f
@x
T
+
@ f
@x˙
x˙(t)
@ f
@x˙
T
(4.6)
??, Eq. 4.6????????????????? [69].
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???????????????????????????
????????????????? x; x˙ 2 R6????????,????t?
?????????????????,?????????? Eq. 4.2??????
?? Eq. 4.7???.
x(t + t) = x(t) + x˙(t)t (4.7)
???????????? Eq. 4.6??, Eq. 4.8????????????????
????????? x(t)??????.
x(t + t) = x(t) + x˙(t)t2 (4.8)
??????????? x˙(t)???????????????????????
?????????. ?????? x˙(t)??????????  = (x    )T ?
??? 2x   2 ????????????????, ??????? ˜˙x????
N(x˙; ˜˙x+;x˙(t))????????????????????. ??????? x˙(t)
? 6????????????????????????, Eq. 4.9???.
x˙(t) =
0BBBBBBBBBBB@
2x    0
:::
: : :
:::
0    2
1CCCCCCCCCCCA (4.9)
????????????????????
???????????????????. Fig.4.5?????????????
?????? JAXON[70]??????????????????????????,
?????????????????????????????????????
x, y??????? yaw?????????????????.
??????????????????????,??????????????
??????????????????. ??? Fig.4.5?????. ??????
??????????? 0?????????????????????,????
????????????????????. ??????? JAXON??????
????????? Table. 4.1???????????????????. ????
?????????????????????????,????????????
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Fig 4.5: Upper: Experimental environment for velocity model sampling, Lower: Mea-
sured error histograms and estimated Gaussian probability distributions of JAXON[70].
Green histograms show measured velocity errors and blue lines show fitted Gaussian dis-
tributions. Upper graphs are result of velocity errors from walking pattern generator and
lower ones are from visual odometry.[63]
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Table 4.1: Velocity error model parameters for JAXON[63]
Direction Variable Gait Generator Visual Odometry
x translation  0.006[m] 0.0[m]
 0.075[m] 0.05[m]
y translation  0.001[m] -0.002[m]
 0.15[m] 0.1[m]
z translation  0.0[m] 0.0[m]
 0.015[m] 0.030[m]
roll rotation  0.0[rad] 0.0[rad]
 0.001[rad] 0.3[rad]
pitch rotation  0.001[rad] 0.3[rad]
 0.15[rad] 0.06[rad]
yaw rotation  0.0[rad] -0.002[rad]
 0.15[rad] 0.06[rad]
?????, ???????????????????????????????
???????????.
4.3.3 ??????????????????????????
??????????????????????????????,??????
?????????. ????????????????????????? xvisiont
????,??????????????????? x f bt t?????? v
f b
t t???
?????. ??????????????? xintt ?????.
???????????????
?????,???? x(t)????2?????????????? z1(t)  N1(x;1;1),
z2(t)  N2(x;2;2)???????????. ???, Fig.4.6??????????
??????? x(t)????????????. ???????????????
????????????,??????????. ???,?? x???????
??? p(xjz1; z2)? z1? z2??????????,????????Eq. 4.10???
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Fig 4.6: Calculation of maximum likelihood distribution from normal distributions
????.
p(xjz1; z2) = p(x; z1; z2)p(z1; z2)
=
p(z2jx)
p(z2)
p(xjz1)
=
p(xjz1)p(xjz2)
p(x)
(4.10)
?? x(t)???????????????????????????? p(x)???
?????????,?? z1, z2?????? x(t)??????? Eq. 4.11????
??Nopt(x;opt;opt)???.
p(xjz1; z2) / p(xjz1)p(xjz2) (4.11)
????? t????????????? x(t)??????? z1, z2????Eq. 4.11?
??????????????,???????Nopt(x;opt;opt)????????
? Eq. 4.12 , Eq. 4.13????? [71].
opt = 1   1 (1 + 2) 1 1 (4.12)
opt = 1 + 1 (1 + 2)
 1 (2   1) (4.13)
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????????????????
4.3.3???????????????? 2?????????????????
????????????????,?????????????????????
???? xvisiont ???????????????????? x
f b
t t????????
??????, Eq. 4.14???????????????????????????
???,????????? x¯ f bt ???.
x¯ f bt = x
f b
t t + v
f b
t tt (4.14)
xvisiont ? x¯
f b
t ???? Eq. 4.13?? Eq. 4.12????????,?????????
?????????????????????????????????????
?? xintt ?????. ??, xvisiont ?? xintt ???? visionint Tt????????????
????????????????.
????????????????????
????????????????????????????????????
?????????????????, ???????????????????
???. ??????????????????????????????????
???????????????????,??????????????????
?????????????????????????. ????????,???
??????????????????????th?????,????????
???????????????????????????? 3???????
????????????????????. ?????th??????????
? 1.0[m],??????? 1.0[rad]?????.
4.4 ????????????????????????
????
???????????????,?????????????????????,
Oriolo? [42]???????Extended Kalman Filter??????????????
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????. Extended Kalman Filter??????????????????????
???????,??????????????????????????????
????????????????????? [72]. ????????? Eq. 4.7?
??????????????, ??????????????????????
?,?? 4.3????????????????????????????Extended
Kalman Filter???????????????????????. ???????
??????????????????????????????????. ??
??????????????????????????? Fig.4.7???.
4.4.1 ??????
????????????????? vgaitt  Nvgaitt (v;vgaitt ;vgaitt )???????
?, N???????????? Eq. 4.15?????? vˆit?????????.
vˆit  Nv
gait
t (v;
vgait
t ;
vgait
t ) (4.15)
????????????? vˆgaitt ?????????? xˆit? Eq. 4.16??????
?.
xˆit = x
i
t 1 + vˆ
i
tt (4.16)
4.4.2 ????
?????? xˆit??????wit?????. ???,?????????wit??
? zit????????????? Eq. 4.17????????? [72]. ????? wit
????????????.
wit  p(ztjxˆit) (4.17)
???????????????????????????????? xintt ???
?. ????????????????????????????????? roll,
pitch??????????????????????????. ????????
???????????????????????? z???? zgaitt , roll?? pitch
????????????? IMU???????? oimut ????????????
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Fig 4.7: Integration of localization result by particle filter
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???????????????????????????. ???, xintt , z
gait
t ,??
oimut ?????????,???????? p(ztjxˆit)? Eq. 4.18????? [44].
p(ztjxˆit) = p(xintt jxˆit)p(zgaitt jxˆit)p(oimut jxˆit) (4.18)
???????????????????????
????????????????????? xintt  Nxintt (x;xintt ;xintt )????
??,??????????????????????? ???Eq. 4.19????
??.
p(xjxintt ) = e 
1
2 (x x
int
t )
T (xintt ) 1(x x
int
t ) (4.19)
????????????????? p(xintt jxˆit)????????????????
?? p(xitjxˆintt )?????????? Eq. 4.20???.
p(xintt jxˆit) =
p(xˆitjxintt )p(xintt )
p(xˆit)
(4.20)
Eq. 4.20???? p(xintt )? xˆit???????????. ?? p(xˆit)???,????
?????? xˆit ?????????????????????????????
Eq. 4.21???.
p(xintt jxˆit)  e 
1
2 (xˆit x
int
t )
T (xintt ) 1(xˆit x
int
t ) (4.21)
?????????????????????????????
???????????????????????? z???? zgaitt ????.
??????? z???? zˆit??????zt ?????????? Eq. 4.22???
????.
p(zgaitt jxˆit)  e
  (z
gait
t  zˆit )2
2(zt )
2 (4.22)
???????????????????????
roll?? pitch????????? IMU???????? oimut = (imut ;  imut ; imut )?
???. roll, pitch??????????????????????? roll, pitch??
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?? ˆit,  ˆit????,??

t , 
 
t ?????????? Eq. 4.23???????.
p(oimut jxˆit)  e
  (
imu
t  ˆit )2
2(t )
2
  ( 
imu
t   ˆit )2
2( t )
2 (4.23)
4.4.3 ???????
??????????? xˆit;wit??????????????. ????????
??????????????????????????????????????
????N?????? r??? [0;N 1]?????, k = 1; 2 : : : ????Eq. 4.24?
??? i??????????? xˆit?????????? xit??????.
i = argmin
j
jX
n=1
wnt  r + (k   1)N 1 (4.24)
????????????? xit;wit????,?????????????????
????????????,????????????Nxprtt (x;xprtt ;xprtt )????
?. ?????? xprtt ???? x
prt
t ?,???? Eq. 4.25 , Eq. 4.26???????.
x
prt
t =
NX
n=1
wnt x
i
t (4.25)
x
prt
t =
PN
n=1 w
n
t (xit   xprtt )T (xit   xprtt )
1  PNn=1(wit)2 (4.26)
4.4.4 ??????????
???,?????????????????????????????????
????????????????,?????????????????????
?????. ????????????????????????????????
?????????????????????????????????????
???????,?????????????????????????????.
????????????????????, ????????? Eq. 4.7 ??
????????????????????????????????????
? ,???????????????????????. ???????????
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Fig 4.8: Exprimental environment for evalluation of self localization in simulation.
xprtt  Nxprtt (x;xprtt ;xprtt )????????????? vgaitt  Nvgaitt (v;vgaitt ;vgaitt )?
??????,??????????????? t??????????????
??????????????????? Eq. 4.27 , Eq. 4.28???. ??????
?,????????????????????????????????????
????????.
x
prt
t+t = 
xprt
t + 
vgait
t t (4.27)
x
prt
t+t = 
xprt
t + 
vgait
t t
2 (4.28)
??????????????????????,??????????????
?????????????????????????????????????
????????? xprtt  Nxprtt (x;xprtt ;xprtt ) ?? Eq. 4.29 ??????????
?????????,????,???????????????????????
??.
xˆit  xprtt  Nx
prt
t (x;
xprt
t ;
xprt
t ) (4.29)
4.4.5 ?????????????????????
Fig.4.8??????????????????????????????????
?????????? JAXON?????,??????????????????
???????????, ???, ??????????, 4.3?????????
?????????????????,????????????????????
Extended Kalman Filter?????, ?????????????????????
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Fig 4.9: Odometry Evaluation by JAXON in simulation. Upper: Walking trajectory
of JAXON in the evaluation experiment. Ellipses show 3 errors of the Particle Filter
estimation. Lower: Errors from the ground truth in the evalluation experiment. Errorbars
show 3 errors of ParticleFilter estimation[63].
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?????????????????????????. ???????????
? x, y?????? yaw???????????? Fig.4.5 ??????????
????????????????????. ????????????????
????????? N =100,???????????????? 40[Hz]???.
??? Fig.4.9???. ???????Extended Kalman Filter?????????
??????????????? yaw????????????????????
???????. ?????????????????????????????
???????????,??????????? y??????????????
???????. ?? 40[m]???????????????? x, y??????
0.1[m], yaw?????????? 2[deg]???????????. 30[m]????
?????????????????????? y?????? 0.4[m]?????
???????,??????????????????????????. ???
?????????? z??????? roll, pitch???????????????
????????,????????????????????????? 1[cm]?
?,???? 1[deg]???????????.
4.5 ??????????????SLAM??????
??????
????????????????????????????????????
???????????????????????, 4.2.4???????????
???????????????????????. ?????????????
???????????????? SLAM?????.
4.5.1 ?????????????????? SLAM
SLAM?????????????????????????????????
??????. ????????????? SLAM????, Grisetti? [73]??
?Rao-Blackwellized????????????????Gmapping???? 2??
SLAM????????????. ?????? 3??????? SLAM????
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Table 4.2: CPU load comparison of 2D and 3D SLAM methods
Gmapping rtabmap LOAM
Avg CPU Load 4.75[%] 22.03[%] 21.33[%]
?, Labb????RGB-D??????? rtabmap[74]? Zhang?????????
?? LOAM[75]??????????.
????????????????????? 3???????????? 6??
?????,????????????????????????????????
??????????????? IMU???????? roll?? pitch??????
??????????????????????? [44]. ??,??? 3?? SLAM
??????????????????????????. JAXON?? (Intel(R)
Core(TM) i7-4770R CPU @ 3.20GHz)???? 2?? SLAM??? 3?? SLAM?
?????????? Table. 4.2???. 2?? SLAM?????GMapping???
CPU??? 4.57[%]?????, 3?? SLAM????? rtabmap??? CPU??
? 22.03[%], loam? 21.33[%]??????????, 3?? SLAM???????
????????. ??,???????? 3?? SLAM????????????
????? z????, roll?? pitch???????????????????. ?
?? rtabmap[74]??LOAM[75]???? JAXON???????????????
?????? Fig.4.10 , Fig.4.11???. rtabmap?? LOAM??????? z??
??? roll/pitch???????????????????????. ??????,
????????????????????????? 2?? SLAM??????
??????????. ????????Grisetti?? 2?? SLAM???????
???????? yaw????????????????.
4.5.2 ???????????????????????
??? 2?? SLAM???????????????????????????
???,??????????????????????????????????
???????????????????,??????????????????
??,??????????????????????????.
— ? 4????????????????????????? — 87
0 50 100 150 200 250
Time[sec]
0
1
2
3
4
5
T
ra
n
sl
a
ti
o
n
[m
]
x translation
Odometry from GaitGenerator
Estimated Pose from rtabmap
GroundTruth
0 50 100 150 200 250
Time[sec]
0.5
0.0
0.5
1.0
1.5
2.0
T
ra
n
sl
a
ti
o
n
[m
]
y translation
0 50 100 150 200 250
Time[sec]
0.70
0.75
0.80
0.85
0.90
0.95
1.00
T
ra
n
sl
a
ti
o
n
[m
]
z translation
0 50 100 150 200 250
Time[sec]
0.04
0.02
0.00
0.02
0.04
0.06
0.08
0.10
R
o
ta
ti
o
n
[r
a
d
]
roll rotation
0 50 100 150 200 250
Time[sec]
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
0.02
R
o
ta
ti
o
n
[r
a
d
]
pitch rotation
0 50 100 150 200 250
Time[sec]
4
3
2
1
0
1
2
3
4
R
o
ta
ti
o
n
[r
a
d
]
yaw rotation
Fig 4.10: Accuracy evaluation for rtabmap[74] in JAXON.
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Fig 4.11: Accuracy evaluation for loam[75] in JAXON.
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Fig 4.12: A virtual constant height scan frame and simulated horizontal scan from accu-
mulated pointcloud[63]
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Fig 4.13: Simultaneous localization and mapping by Gmapping with proposed simulated
scan in unknown environment[63]
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???? k???????????????????????????????
????,?????????????????????????????????
?? S lk???. ??? 4.4????????????????? S ok ?????. ?
??? t????,????????? t   t???? t??????????? t?
????????????????????? Pot =
Pt
t t S
o
k ???. ??????
?????????. ?????? t?????????????? 1?????
????????????.
??, 4.4????????????????????????????????
????????????????, Fig.4.12?????????????????
????????,??????????? xy??????????????? h
?????????????????????. ????????????????
?????? Pot ???????? Sˆ ot ? Fig.4.12???????????????
??????????????????????. ???????? Sˆ ot ?Gmapping
????????????,??????????????? mapprt Tt???. ????
??????????????????????,???????? h??????
??????????????????????????? 2.5[m]?????. ?
??????????????? JAXON?????? SLAM???? Fig.4.13?
??. ??????????????????????????????????
?????????,??????????????????????.
4.5.3 ????????????SLAM?????
Fig.4.5??????????????, JAXON???????????????
???????. ?????????????????????????????
???????? N =60,????? 4.4????? 40[Hz]???. ???????
?????????????????? 3???,???????????????
???? ground truth??????????. ?????????????????
??? ground truth???????????,?????????????????
????.
??? Fig.4.14???. 4.4????????????????????????,
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Fig 4.14: Evaluation of self localization from 2D SLAM by real JAXON. Upper: Walking
trajectory of JAXON in the evaluation experiment. Ellipses show 3 errors of Particle
Filter estimation. Lower: Errors from the ground truth in the evalluation experiment.
Errorbars show 3 errors of Particle Filter estimation[63].
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Table 4.3: Evaluation of localization errors in walking[63]
Direction Method Avg Abs Errors Final Errors
Gait Generator 1.03[m] 2.31[m]
x translation Particle Filter 0.054[m] 0.025[m]
PF + SLAM 0.038[m] -0.023[m]
Gait Generator 0.070[m] 0.043[m]
y translation Particle Filter 0.064[m] 0.15[m]
PF + SLAM 0.055[m] 0.058[m]
Gait Generator 0.14[rad] -0.29[rad]
yaw rotation Particle Filter 0.019[rad] 0.020[rad]
PF + SLAM 0.025[rad] 0.037[rad]
????????????????????????? z????? roll, pitch??
????????????????????????????????. ?? x, y?
????? yaw??????????????????????????? 3?
?????????????????????,????????????????
?????????????.
??????????? Table. 4.3 ???. ?????? 2?? SLAM????
???, x, y????????????????????????????????
?????????. ?? y?????????,???????????????
????????????????????????????? SLAM?????
?????.
4.6 ???????????????????????
?????
???? 4.5??????????????????????????????
??,???????????????????????????????. ???
?????????????????????????, ???????????
???????????????????????.
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4.6.1 ?????????
???????????,?? [23]??? heightmap?????????????
???. heightmap? 2.5?????????,?????????????????
?????????????????????????????? [76, 77]. ???
?????????, 4.5??????????????????????????
???????????????????????????.
JAXON?????????????????????????????????
???????????? 4.5???????????????????????
?????????????. ??? Fig.4.15???. Fig.4.15?????????
?????????????????????????????????,????
????????????????????. ?? Fig.4.15 ??????????
?????????????????????????????????????
??????????????????????????.
4.6.2 ???????????????????
4.6.1???????????????????????????,??????
?????????????????. ??????????? [78, 23]????
?????????????????????. ????????????, ??
??????????????????. ??????????????????,
Fig.4.16 ?????????????????????????, ???????
octomap[79]???????? octree????????????????. ????
?????????????????, ???????????????????
?????????????????????????, ???????????
?????????????????. ???????????????????
??????????,?????????? 1.0[m]??????????.
JAXON????????????????????????????????
?? Fig.4.17 ???. ??????????????????????????,
JAXON?????????????????????????????????
???.
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Fig 4.15: Evaluation of generated environment map based on localization result
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Fig 4.16: Obstacle avoidance in footstep planning considering environment
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Fig 4.17: JAXON walks avoiding an obstacle with footstep planning based on accumu-
lated environmental pointcloud
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4.7 ???????????????????
????????????????????????????????????
?????????????????????,????????????????.
4.7.1 ???????????????
?????????????????, JAXON????????????????
?????????????????????????????. ??? Fig.4.18?
??. ??????????????????????,????????????
????????????????????????? 3[cm]?????????
?????????. ???????????????????????????
???? 2?? SLAM??????,??????? 3[cm],??? 1[deg]????
??????????????????????.
4.7.2 ?????????????????
????????????????????????????????????
????????????.
????????????
????????? Fig.4.19 ???????????????????. ???
?????????????????????. ????????????? ?
????????? p???????, ???????????????????
???. ????,?????????????????????????????
? h??? z???? zt = h???,?? roll, pitch??????? 0???.
?????
????????????????????????. ???????????
????????????? Kp????,??????? Eq. 4.30???????
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 
Fig 4.18: Evaluation experiment of proposed localization with JAXON going up and
down a terrain. Upper: Captures of real JAXON and generated maps. Lower: Translation
of x, y and z axis and rotation around z in the experiment[63].
100 — ? 4????????????????????????? —
Fig 4.19: Ackerman steering geometry[80]
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?.
v = Kpp (4.30)
?????? Fig.4.19???????????????. ?????????? ?
???? v???? Eq. 4.31??????.
! =
v

(4.31)
?????????? s??????????????,??K????Eq. 4.32?
???,
 = Ks (4.32)
??????????? ???????? l???? Eq. 4.33???.
 =
l
sin s
(4.33)
Eq. 4.32 , Eq. 4.33 ? Eq. 4.31 ????????, ??? ???? !????
Eq. 4.34???????.
! =
v
l
sin
 

K
!
(4.34)
???????
????????????? (v; !)???? t????????????? (xt; yt; t)
???????????. ?????t???,?? t?????????????
? Eq. 4.35???????. 0BBBBBBBBBB@
xt
yt
t
1CCCCCCCCCCA =
0BBBBBBBBBB@
xt 1
yt 1
t 1
1CCCCCCCCCCA +
0BBBBBBBBBB@
v cos t 1
v sin t 1
!
1CCCCCCCCCCAt (4.35)
????????
????????? Eq. 4.6 ?????????. ?????????????
???????, Eq. 4.2 ????????? Eq. 4.35 ???. ?????????
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??????????????, x, y?????? z?????? (vx; vy; !)???
? Eq. 4.36?????.0BBBBBBBBBB@
xt
yt
t
1CCCCCCCCCCA =
0BBBBBBBBBB@
xt 1
yt 1
t 1
1CCCCCCCCCCA +
0BBBBBBBBBB@
cos t 1 sin t 1 0
  sin t 1 cos t 1 0
0 0 1
1CCCCCCCCCCA
0BBBBBBBBBB@
vx
vy
!
1CCCCCCCCCCAt (4.36)
???????????????????Eq. 4.6?Eq. 4.37??Eq. 4.38????
???????????????????.
@ f
@x
=
0BBBBBBBBBB@
1 0  v sin t 1t
0 1 v cos t 1t
0 0 1
1CCCCCCCCCCA (4.37)
@ f
@x˙
=
0BBBBBBBBBB@
cos t 1t   sin t 1t 0
sin t 1t cos t 1t 0
0 0 t
1CCCCCCCCCCA (4.38)
????????????????????
?????????????????????????????????????
???????????????????. ??????????DAPPA Robotics
Challenge??????????????, ?? 40[m]???. ?????????
???????????, IMU???????????????????????
???. ??? Fig.4.20???. ?????????? Table. 4.4???. ?????
?????? x, y????????????????????, z?????? roll,
pitch????????????????????. ??????????????
?????????????????????????????????????
?????????.
4.7.3 ???????????????????
???????????????? [36]??????????????????
??????????, ??????????????????????????
??.
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Fig 4.20: Evaluation result of driving task in simulation. Upper: Estimation result of
trajectory in evaluation experiment, Lower: Estimation errors in evaluation experiment
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Table 4.4: Evaluation of localization errors in driving
Direction Method Avg Abs Errors Final Errors
Wheel Odometry 1.47[m] -3.0[m]
x translation Visual Odometry 0.063[m] 0.15[m]
Proposed Method 0.24[m] 0.32[m]
Wheel Odometry 0.16[m] -0.20[m]
y translation Visual Odometry 0.036[m] -0.096[m]
Proposed Method 0.068[m] 0.045[m]
Wheel Odometry 0.024[rad] -0.065[rad]
yaw rotation Visual Odometry 0.0081[rad] -0.014[rad]
Proposed Method 0.0085[rad] -0.00026[rad]
???????????
??????????????????????. ?????????????
????????????????????????????????,?????
??M,???? vd????????????????????????????
??? Eq. 4.39?????????.
M
dv
dt
=  v (4.39)
??????????????? t = 0, v(0) = vd???????????????
? Eq. 4.40???. ???????.
v(t) = vde 
t
 (4.40)
?????????????????????????????????????
????. ????????? 4??????????????????????
?????????????????????????????????????
???????????. ???????? 4.3????????????????
??????.
???????????????????
?????? [36]????Fig.4.21??????HRP2????????????
?,???????????????????. ???????HRP2?HRP2-JSKNT
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Table 4.5: Evaluation of localization errors in skating
Direction Method Avg Abs Errors Final Errors
Model Based Odometry 0.014[m] 0.003[m]
x translation Visual Odometry 0.035[m] 0.038[m]
Proposed Method 0.039[m] -0.049[m]
Model Based Odometry 0.066[m] -0.16[m]
y translation Visual Odometry 0.068[m] -0.16[m]
Proposed Method 0.033[m] 0.058[m]
Model Based Odometry 0.080[rad] -0.20[rad]
yaw rotation Visual Odometry 0.041[rad] 0.068[rad]
Proposed Method 0.043[rad] -0.060[rad]
????Carnegie Robotics??MultiSense SL??????????? [17]. ???
??????? Fig.4.21?????. ?????????????????????
??????????????????????????????? 5[cm],???
?? 3[deg]??????????????????. ???????? Table. 4.5?
??.
4.8 ????
????, ???????????????????????????????
????????????????,?????????????????????
?????????????????????????????????????
??????.
??????????????,???????????????????????
?????????????????????????????????. ????
?????,????????????????????????????????
?????????????? 40[Hz]????????? 5.0[cm],??? 1.0[deg]
????????????????????????????????????. ?
????????????????????,?????????????????
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Fig 4.21: Upper: evaluation experiment for skating motion of humaonid robot with
proposed localization, Lower: evaluation result of localization system in skating motion
— ? 4????????????????????????? — 107
?????????????????.
????????????????????????????????????
?????????????????????????????????????
??????????,2?? SLAM?????????????????????
??????. ????????????????????????????, ?
?????????????????????????????????????
?????????????????????????????????????
????????????????????????, ????????????
? SLAM????????????. ????????????????????
?????????????????????????????????????
???????????????,????????????????????,?
?????????????????????????????????????
????????????.
????????????????????????????????????
?????,????????????????????. ???????????
????????????????, ????????????????????
?????????????????????????????????????
??????????????????????.
????????,????????????????????????????
??????????????????????????. ??????????
?????????????????????????,????????????
????????????????????.

?5?
?????????????????
??????????
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Fig 5.1: Proposed teleoperation control system in whole robot systems
5.1 ????
??????????????, ?????????????????????
???????????????????????. ?????????????
??????? Fig.5.1???. ???????????????????????
?????????????????????????????????????
??????, ??????????????????????????????
????????????????????????????????. ????
?????????????????????????????????????
??,??? Fig.5.2????????????????????????????
????. ??????? [81, 82, 80]?????????.
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5.2 ??????????????????????
????????????????????????????????????
????????????????????????????????????
[12, 23, 26]. ????????????,???????????????????
????????????. ???????????????????.
??????
???????????????????????????????????
????.
????
??????????????????????????????????,
????????????,??????????????????????
????????????.
??????????
??????????????????????????????,????
??????????????????????????????????
????
??????????????????????????????????
???,?????????????????????.
????
??????????????????????????????????
???????????????. ???????????????????
?????????????? [83].
?????
?????????????,??????????????????????
????.
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?????ZMP
??????????????????????????????? ZMP?
????. ??????????????????????????????
??.
??,???????????????????????????,???????
????????. ???????????????????.
????
????????????????????????,??????????
???????????????????. ???????????,???
?????????????????????????????.
3????
2?????????????,????????????????????
?????????? 3?????????????? 3?????????
???????.
????
?????????????????????????,?????????
??????????????????????????????????
????????????????????????.
??????
???????????????????????????????????
?????,?????????????????????????.
??,???????????????????????????????????
???????????????????????. ??????????????
?????????????????????????????????, ???
???????????????????, ?????????????????
??????????,???????????????????????????
???????????????. ????????????????.
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???????
???????????????????????,???????????
??????????????????????????????????
??????????????????????,????????????
???????????.
???????
???????????????????????????????????
????????????????????,??????????????
??????????????????????????????????
???????.
??????????????????????????????????.
5.3 ???????????????????????
??
??, DARPA Robotics Challenge[11]????????????????????
??????????????????. ???????????????,???
??????????????,???????????????,???????
??????????, ??????????????, ??????, ?????
???????????????????????????????????.
???????????????????, ????????????????
???????????????????????????. ?????????
??????????????????????????????,???????
??????????, ??????????????????????????
????.
??????????????????????????,??????????
???????????????????????????????????. ?
????????????????,?????????????????????
????????????? Fig.5.3???. ??, ??????????????
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Fig 5.2: JAXON[70] on a Polaris RANGER XP900 [80, 84]
?????????????????????????????????????
???????????????????????????????, ?????
??????????????????.
5.4 ????????????????????????
??????????
?????????????????????????, ??, ??, ?????
????????????, ????????????????????????
??. ???????????????????????????, DARPA Urban
Callenge???????????????????????????? [85, 86]. ?
?????,??,?????????????????????????????
?????? [87],?????????????????????????????
? [88],???????????????????? [89]????????.
????????????????????????????????????
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???????????????. Rasmussen??????, ????, ?????
?????????????????????????????????????
???? [90]. ????????????????,???????????? Peg-
in-wheel?????????????????????,????????????
????????????????????????. ????????????
???????, Peg-in-Wheel????????????????????????
??. ????????????????????????????,??????
???????????????????????????????.
Paolillo????????????????????????????????
???,??????????????????,???????????????
??????????????????????????? [91]. ????????
???????????????????????????????, ?????
????????????????????, ????????????????
????????????????.
????????????????????????????????????
??????????????????????. ??????????????
???????????? [68]????, ??????????????????
?????????????????????????????????????
????????????????,?????????????????????
???????. Roberts?? superpixel labeling? optical flow?????????
???????????? [92]. ????????????????????,??
?????????????????????????????????????.
?????????????????????????????????????,
?????????????????????????????????????
????????????????????. ???,?????????????
??????????????????????, ??????????????
????????????????????????.
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5.5 ????????????????????????
??????
5.5.1 ??????????????
???????????????????????????????. ????
???????????????????????????????????,??
????????????????????????????????. ????
?????????????,???????????????????????.
?????????????????????????????????????
???? [93],??????????????????????? Fig.5.4????
????????????????????.
?????????????????????????????,???????
???????????????????????????????????? s
?????. s??????????? c????,????? c???????
??????.
??????????? OBD(On-board diagnostics)????????????
?????????????????????????????, ???????
????????????? s????????????? e????????.
Fig.5.4??????????????????????????????,???
?????????????????????????????????????
?????????. ??,??????????????? pse , s?? x????
????? nˆsx ???? Eq. 5.1????????.
 = arccos
0BBBBB@ pse  nˆsxkpse k
1CCCCCA   0 + 2n (5.1)
??? 0????????? 0???? pse ? n
s
x ????????. n? 1???
???????????????????????????.
?????????????????????. ?????????? d? 5.6?
?????????????? 5.7??????????????????????
????. ???????????????????? d????????????
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Fig 5.3: System for driving vehicle with a humanoid robot[80, 84]
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Fig 5.4: Left: The crank equipment for steering, Right: Steering with impedance control
and angle velocity limitation[80]
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? ??????????!,?????????????!max????,Eq. 5.2?
??? t??????????????????? ????. ???????
????????? c? s??? ??????? newc ??????.
 = sgn(d   )min(!maxt; abs(d   )) (5.2)
??????????????????????????????? 0?????
??????? [94]??????????????????. Eq. 5.3 ?????
???????????????????? x?????????? T (x)??
????????????? targetc = newc T (x)??? [91].
Mx¨ + Dx˙ + Kx = F (5.3)
??? Eq. 5.4 ?????????????????????????????
s???.
s = InverseKinematics(targetc ) (5.4)
?????????????????????????????????????
???. ??????????????????????????????,???
?????????????????????????????????????
????????.
5.5.2 ?????????????
????????????????????????????. JAXON????
???????????????????????????????,??????
???????????????????????,??????????????
????? pitch????????????????????????. ??HRP2
???????????????????????????????, Fig.5.5??
???????????, ?????????????????????????
?. ??????????????????????? c? 0:0  c  1:0?????
???,??????????????????????????????p??
???? f ????????????. ????? JAXON???? pitch?, HRP2
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Fig 5.5: Upper: Pedaling strategy for JAXON and HRP2, Lower: Pedaling attachment
for HRP2
??????????????????? 1.0,???????? 0.0??????
????? f ????. ??????????????????????????
????????.
5.5.3 ???????
???????????????????, ????????????????
??????, ??????????????????????????????
?. ????? JAXON??HRP2???? 5.5.1???????????????
????????????. ??? Fig.5.6???. JAXON???????????
?????????????, ???????????????????????
????????. ??????????????????????????. ??
HRP2????????????????????????,??????????
?????????????????. ???????????????????
????.
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Fig 5.6: Manipulable region of steering for JAXON(left) and HRP2(right) by left arm.
The sitting position where the robot can turn 360[deg] is light blue, one where the robot
can grasp a crank but cannot turn 360[deg] is deep blue, and one where the robot cannot
grasp crank is red
5.6 ?????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????. ????????????????????????????,????
?????????????????????????????????????
???????????????????. ?????????????????,
?????????????????????????????????????
????????????. ????????????????????????
????????????,???????????????????.
5.6.1 ??????????
??????????????????????? ????????????
????? ??????????????. ???????? ????? ??
???????????????, ? ???????????????????
?. Polaris RANGER XP900????? ???? kk  p??????????
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Fig 5.7: Fitting result of vehicle path parameters for Polaris RANGER XP900[80]
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??,??????? kk  p????????????. ????? f ?????
???????????, f ? Eq. 5.5???????. p? A? kk  p????
??????????????????????????????. Polaris RANGER
XP900???? ? ???????????????????????????
Fig.5.7???. ????????????????????????? V????
?????????????????????????????????????
?????????????? f ?????????????A??? p????
?????????????????????????????????????
???
 = f () =
8>>>>><>>>>>:
A(   p)   2p
sgn() A4p
2 kk  2p
A( + p)    2p
(5.5)
????????????????????????????????????.
????????????????????????????,?????????
?????????????????????????????.
5.6.2 ?????????????????????
???????????????????????????????, ????
?????????????????????????????????????
???????. ???????????????????????. ?????
?????????????????????????????????? Ccameraall
????, ???????????????. ????????????????
Ccar centerall ?????????????????????????????????
?????????Ccar centerobstacle ?????. ????????????????. ??
????????????? X f ront????????? Yside?????? Zheight??
???Ccar centerall ??Eq. 5.6????????????????????Ccar centerobstacle ?
???????????
(x < X f ront) ^ ( Yside < y < Yside)

_

z < 0; z > Zheight

(5.6)
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?? kd????????????Ccar centerobstacle ?????? ??????????
???????? Ccar centerobstacle ?????. ???????????????????
?????????????????. ????????Eq. 5.7????????.
c =
0BBBBB@  l2 ;
r
2   ( l
2
)2; 0
1CCCCCA (5.7)
???????????out?????????????in?Fig.4.19??Eq. 5.8?
???????. in? out????????????, b? l?????????
??????????????????????????. ?????? Ccar centerobstacle
????,??????????????????????????? out????
?????,??????????????? in???????????????
Ccar centerobstacle ??????.
in =    b2   in; out =  +
b
2
+ out (5.8)
?????????????Ccar centerobstacle ???? kd??????????????
??????,???????????????????????????????
???????? d?????. ??????????????????????,
??????????????????? d???.
5.6.3 ????????????????????
????????????????????????, ???????????
?????????????????????????????????????
?. Dynamic Window Approach(DWA)[95]??????????????????
??????????????????? 2?????????????????
?. ???????????,????????????????????????
?????????????????????????????????????
??????????. ??????????????????????????
????????????, ????????????????????????
????????. ??????,??????????????????????
??????????????????????????????????????
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???????????? N????????????? max; min??????
?? Fig.5.8?????? N??????,???? 1?????????????
???????????. ???????????,??????????? 3??
???????????????.
???????????????????
???????????????????? (?????)?????????
????? (???)????????. ????? ????? ????? 5.6.1
???? f ????. ????? ?????????????  = g()?????
?????????????????, ???????????????????
???????????, Fig.4.19??????????? Eq. 5.9???????
??????? [96]. ????? Fig.5.7?????????, ?????????
?????????????????????????.
 = g() = l (5.9)
?? f ; g???????? f  1; g 1??????????; ; ??? 1?????
?????? 2?????????????????.
?? n???????? n ? max = g ( f (max))? min = g ( f (min))????
Eq. 5.10????????.
n = max   max   minN   1 (n   1) (5.10)
?????
????????????????????????????????????
??????????. ???,????????????????? n = 1n ???
?? n?????????????????????? (OF)?????. ????
???????? dn? 5.6.2????????????????, kd??????
??? 2?????????????????????????????????
?????. ?? dn? 0?? 1?????????????? n??????OFn
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1 =
3
2 2 =
3
4 3 = 0 4 =  34 5 =  32
Fig 5.8: Relation between steering wheel angle and path, and distance to the obstacles
dn. This is the example of max = 32; min =   32;N = 5[80]
???. dn????????? dmin??????? dmax?? Eq. 5.11??????
???.
OFn =
r
dn   dmin
dmax   dmin (5.11)
????
???????????????????????????, ????????
????????????????????. ???,?????????????
??????? (HF)?????. ?????????????????? '???
? n??,????HFn? Eq. 5.12????????.
HFn = 1   kn   'k2 (5.12)
????
????????????????????,????????????????
??????? ˙???????. ?????????????????????
? n???????DFn? Eq. 5.13????????. ?? state????????
128 — ? 5????????????????????????????? —
????.
DFn = 1   k   nk
max   min (5.13)
?????????
OF, HF, DF??????????????????,?????????????
nmax????????????. ?? n??????????? J(n)? Eq. 5.14?
??? 3??????????. ?????????????????????
???. ????? J(n)??????????? nmax?????? nmax?????
?????????. ????????????????????????????
???????????????????????????. ?????????
???????????,?????????????????? d??????
??????????.
J(n) =   OFn +   HFn +   DFn (5.14)
5.7 ???????????????????????
????
5.7.1 ???????????????????
??????????????????????????????????. ?
??DARPA Robotics Challenge???????????????????????
???? 9600bps?? 300Mbps??????????????????????
?. ??????????????? 9600bps????????????????
????????? [26]. ?????????????????????????
??????????????,????? Fig.5.9??????????????
???. ?????????? (OCS: Operator Control Stations)?????????
? (FC: Field Computer)?????????ROS????????????? [97],
????????????,???????????????,?????????
?????????????????????? executive???????????
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Fig 5.9: Communication system for vehicle task in bandwidth limited environment. This
shows communication cannels between robots, field computers (FC) and an operator con-
trol station (OCS)[80]
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Fig 5.10: User interface for vehicle task (Upper: Control panel, Lower: Visualization
interface)[80]
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1?? ROS?message????????, streamer????? ROS?message??
UDP???????????????. UDP????? receiver????? 1??
ROS?message?????, executive???? parse?? publish???. ????
???????????????????? 300Mbps???????????,?
?????????????????????????????????????
????????????????????? 9600bps????????????
??. Fig.5.10???????????????????????????????
??????????????????,???? command server/client? executive
???????? executive????????? (????, ???, ????)??
????????.
?????????,??,?????? 10Hz,???????????????
??????? 5Hz,????????????,???? 1Hz?????????.
??????????????,???????????????????????
?. ?????????????????????????,??????????
?????????????????????????????? Fig.5.10???
? Communication Status??????????.
5.7.2 ????????????????????????????
????????
??????????????????? Fig.5.10?????????????
???????????????. ?????????????????????
?????????????????????????????????????
???????. ?????????????????????????????
??????????,???????????????????????????
???????????????????. ?????????????????
?????????????????????????????????????
?????????,???????????.
??????????????????????,???????/??,????
?????????????????????????????????????
132 — ? 5????????????????????????????? —
???????. ????????????,?????????????,???
?????????????????????????????????????
?. ?????????? d??????????? p????????????
????????????????. ?????XBox360??????????. ?
????????????????????? 5.6.3 ?????????????
??????????????????, ??????????????????
????????.
????????????????????????????????????
????????????????????,?????????????????
?????????????. ???????????????????????
????????????????????????????????.
5.8 ????????????????????
5.8.1 ?????????????????
???????????????? JAXON? Polaris RANGER XP900????
????????. ??? Fig.5.11???. ??????????? Fig.5.11???
????????????????????????. ????????????
???????? DRCFinals?????????????????, ??????
??????????????????????????????. ??????
?????????????????????,? 120[sec]??? 2???????
??????????????????.
5.8.2 ???????????????????
?????????????????????????, ??????????
STARO[62]?Polaris RANGER XP900?????????????. ???????
????????  = 10:0;  = 7:5;  = 4:0;Kp = 0:5[N=rad]???;??? Fig:5:12
????????????????? 90[m]?? 6??????????????
????:?????????????????????????????????
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Fig 5.11: JAXON drives a vehicle by teleoperation. Left shows user interface for operator
and right shows driving robot in real world (time series from upper left to lower right)[80]
Fig 5.12: Outline of the course which a humanoid robot drives along
?????????????:????????????yaw??????????
????????????:????????????????????;????
????????????????????:?????????????????
???????????????;??????????????????????
??:
??? Fig.5.13???. ??????????????????? 16[min]???
?????, ???????????????????????????????
???????????????????????????.
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Fig 5.13: Snapshots of driving experiment with the humanoid robot STARO and the
Polaris RANGER XP900(time series from upper left to lower right). in each figures,
upper left shows suggested path as blue lines and obstacle point clouds as green points,
bottom left shows the camera image of STARO and right shows driving robot in real
world[80].
5.8.3 DRC Finals?????????????????
DRCFinal?? JAXON??HRP2? Polaris RANGER XP900?????????
???. DRCFinal??, ??????????????????????????
?????????????????????? 5??????????????
???? [98]. ????????? JAXON????? 140[sec], HRP-2?????
310[sec]????. JAXON????????? Fig.5.14 , HRP2?????????
Fig.5.15???.
5.9 ????
????????????????????????????????????
???????????????????????????????????. ?
?????????????????????????????????????
????????????????????,?????????????????
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Fig 5.14: JAXON drives a vehicle in DARPA Robotics Challenge[99] (time series from
upper left to lower right)[80]
Fig 5.15: HRP-2 drives a vehicle in DARPA Robotics Challenge[99] (time series from
upper left to lower right)[80]
136 — ? 5????????????????????????????? —
??????????????????, ??????????????????
????????????????????????. ????????????
???????????????????????,?????????? JAXON,
STARO, HRP2???? 3??????????????????????????
?????????.
????????????????????????????????,????
?????????????????????????????????????
??????, ??????????????????????????????
??????????????????????????.
?6?
?????????????????
?????????
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6.1 ????
Fig 6.1: Proposed task execution system in whole robot systems
????????????????????????????????????
????????????????. ????????????????????
???? Fig.6.1???.
????????????????????????????????????
???????????,????????????????,?????????
??????????????????????????????. ??????
?????????????????????????????????????
???????????????,??????????????????????
??????????????????????????,???????????
140 — ? 6???????????????????????????? —
?????????????.
6.2 ???????????????????
????????????????????????????????????
?????, ???????????????????????????????
???????? 4[cm],???? 3[deg]?????? [5]. ???????????
?????????????????????, ???????????????
?????????????????????????????.
6.2.1 ?????????????????
??????????????????????? 3.0[cm]????????,?
?? [78]?????????????????????????????????
???????????????????????????. ?????????
?????????????????????????????????????
????????? Fig.6.2?????????????????,???????
?????????????????????????????. ???????
????????????????????,?????????????????
?????????????????, ???????????????????
?????????????????????????, ???????????
????????????????? [78]??????????????????
???????????????????????????.
6.2.2 ????????????????????????
????????????????????????????????????
????????,?????????????. ???????????????
?????????? [100]????????????????????????.
????????????????????????, ????????????
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Fig 6.2: Detected global plane from environment pointcloud
?????????????????????????????????????
??????.
Fig.6.3?????????????. ???????????????????
?? roll, pitch???????????, ??????????????. ????
??????????????????? (x;y;)?????. ???????
?????????,?????? n?????? i??????????? ci?
Eq. 6.1????.
ci =
 i
n
x;
i
n
y;
i
n


(6.1)
????????????????????????????????????
???????????????????,??????????????????
y????????????????????????????. ????????
Larsen????A Proximity Query Package(PQP)[101]????.
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Fig 6.3: Overview of footstep correction
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6.2.3 ?????????????
????????????????????????????????????.
?????????????,????????????????????????
?????????????????????????????????????
?. ?????? Fig.6.4???. ??????????????????????
?????????????????????????????????????
???????. ?????????????? Fig.6.5???. ????????
??????????,???????????????????????????
??????, ???????? x, y????? 5[cm]??, z????? 4[cm]?
?,????? 3[deg](=? 0.05[rad])?????????????????????.
?????????????????????????????????????
????????????. ????????????????????????
?????????????????????????, z????? pitch???
?????????????????????. ???????????????
???????????????????????????,??????????
???????????????????????????.
6.2.4 ????????????????
????????????????????????????????????
??,???????????????????. ???????????????
???????????, ?????????????????????????
??????????????????????????????????. ??
? Fig.6.6???. ?????????????????????????????
???????????????????????????????????.
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Fig 6.4: JAXON goes and returns the terrain
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Fig 6.5: Evaluation of localization accuracy in JAXON going and returning the terrain
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Fig 6.6: JAXON passes through door planning footsteps based on environment point
cloud
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Fig 6.7: Obtained environment pointcloud with and without carrying a object.
6.2.5 ???????????????????????????
??
????????????????????????????????????,
???????????????????????????????,??????
???????? [48]. ???????????????????????????
?????????????????????????????????????
?. ?????????????????????????????,??????
????????????????????. ????????????????
????????????????????????????? [49]?, ????
??????????????????????????????, ??????
???????????????????????.
????????? 450[mm]320[mm]350[mm]??????????????
???????????????????????????? Fig.6.7 ???. ?
?????????????????????????????????????
BoundingBox????, BoundingBox???????????????. Fig.6.7 ?
?,????????????????????????????????????
??????????????????????????. ??????????
?????????????????????????????????????
??????????.
????????????????????????????????????
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????,????? 450[mm]320[mm]350[mm]??????????????
?????????????????????????????????????
?????????????????. JAXON????????????????
??????, ??????????????????????????????
??????. ??????????????????????????????
???. ??????????????????????????????????
?. ??? Fig.6.8 ???. 1, 2???????????????????????
????,???????????. ????? 3, 4????????????,?
?????????????????????????? 5??????????
?????????????????????????????. ?? 6????
?????????????????????????????????????
?????????????????, 7, 8??????????????????
?. ???????,????????????????????????????
????????????????????????, ????????????
?????????????????????????????????????
???????????????.
6.2.6 ??????
?????????????????????????????????????
????????,????????????. ???????????? Fig.6.9?
??. ????????????????????? 4.7.2???????????
??.
???????????
??????????????????????. ??????????????
vd?????????????????? v????????????? pd???
?. ????P??????????????,???????????Fig.6.10??
???? I??????. I??????? ki,?????????????????
??? v = kcp??????,?? t?????????????? pd(t)?Eq. 6.2?
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Fig 6.8: JAXON walk through terrain while carrying a object by footstep planning and
localization system
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Fig 6.9: System overview for autonomous driving
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??.
pd(t) =
ki
kc
Z t
0
(vd(u)   v(u))du (6.2)





  

Fig 6.10: Velocity controller for autonomous driving
????????????
??????????????????????. ??????????????
? !d?????????????????? v?????? !??????? d
????. ???? P???????????????????????????
????????, Fig.6.11????????????????. ????????
????? k f ,??????????? kb????,??????????????
?????!t? Eq. 6.3????.
!t(t) = k f!d(t) + kb(!d(t)   !(t)) (6.3)
??????????? Eq. 4.34???????,????????!t?????
???????? d? Eq. 6.4???????.
d(t) = Ksin 1(
!t(t)l
v(t)
) (6.4)
????????
????????????????????????????????????
????????????????. ???????????????? Virtual
Robotics Challenge[102]???????????????????????. ???
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Fig 6.11: Angular velocity controller for autonomous driving
??????????API?????????????????????,????
??????????????????????????. ??????????
??DAPPA Robotics Challenge??????????????,?? 40[m]???.
????????????????????, ????????????????
????????????????????????????????. ????
?? Fig.6.12 ???. ???????????????????? 40[m]????
?????????.
6.3 ??????????????????
????????????????????????????????????
????????????,?????????????????????????
?????????????????????????????????????
???,?????????????????????.
6.3.1 ???????????????????????????
????????????????????????????????????
?????????????????????????????????????
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Fig 6.12: Autonomous driving experiment with proposed system in gazebo simulation
with atlas[102]
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Fig 6.13: Evaluation of valve detection errors with environment pointcloud which is
accumulated while walking
????????????,???????????????????. ?????
??????????????HRP2-JSKNT???,?????????????
[103]???????????????????????????????????
????????, ????????????????????????????
?????????????????????????????????????
?. ????????????????????????????????????
????????????????????. ??? Fig.6.13???. ??,???
???????????? Table. 6.1???. Fig.6.13?????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????.
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Table 6.1: Velocity error model parameters for JAXON
Direction Variable Proposed Localization Gait Generator
x translation  -0.0011[m] 0.016[m]
 0.019[m] 0.011[m]
y translation  -0.022[m] -0.042[m]
 0.034[m] 0.034[m]
z translation  0.012[m] -0.034[m]
 0.026[m] 0.029[m]
roll rotation  0.058[rad] 0.053[rad]
 0.055[rad] 0.47[rad]
pitch rotation  -0.073[rad] 0.50[rad]
 0.17[rad] 0.46[rad]
yaw rotation  0.0068[rad] -0.12[rad]
 0.060[rad] 0.36[rad]
6.3.2 ????????????????????????????
????
JAXON?????????????????,???????????????
??????????????? [103]????,?????????????ground
truth???????????????????????????. ???????
??????????????????????, ??????????????
???????????????, ?????????????????????
?????????????????????????????????????
???. ?????????????????????????.
??? Fig.6.14???. ??????????????????????????
x, y??????? 3.0[cm]??, yaw???????? 1.0[deg]?????????
??????. JAXON???????????????????????????
???????????????????????,??? JAXON???????
??????. ??????????????????????? x???-25[cm],
y???-4.0[cm], yaw???? 5.0[deg]?????,????? Fig.6.14?????
????????????????????????????.
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Fig 6.14: JAXON turns valve with proposed localization and feedback velocity control.
Upper: Captures of real JAXON and its user interface in turning valve. Lower Left:
Translation of x and y axis and rotation around z in the experiment. Black dotted lines
show the target pose. Lower Right: Estimated pose resulting from the gait generator
odometry is used[63].
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??????????????????????????????????? 10
??????,??????????. ??? Fig.6.15???. ?????????
??? JAXON? 10??????? 9????????????????????
??, ????????????? 10?????????????????. ??
???????????? 1????????????????????????
???????????????.
6.3.3 ????????????????????????????
??
4.6???????????????????????????????????
????????????????????????. ?????? Fig.6.16 ??
?. ???????????????????? 4.6??????????????
??,???????????????. ???????????????????
?????????????????????????????????????
?????????. Fig.6.16????????????????,???????
?????????????,????????? 4??????????????
????????????. ????????????????????????
?????????????????????????????????????
???????????????????????????????????, ?
?????????????????????.
6.3.4 ????????????????????????????
?????
????????????????????,????????????????
???????????????????. ??????????????????
?????????????????????????????,????????
?????????????????????????????????????
?????. ???????????????????????????,????
?????????????????????????????????????
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Fig 6.15: Success rate evaluation by JAXON with and without localization and feedback
walking
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Fig 6.16: JAXON passes through terrain and turns valve while executing recognition and
planning process for valve task
160 — ? 6???????????????????????????? —
??. ?????? Fig.6.17???. Fig.6.17??????????,???????
????????????????????, 4.6???????????????
4??????????????????????????. ????,?????
???????????????????????????????, ?? [23]?
?????????????????????????????. ??, Fig.6.18?
??????????????????????????????????,???
????????. ???????????????????????? 3?? 1?
?????????????.
6.3.5 ????????????????????????????
????????????????????????????????????
?????????????????????????????????????
??????. ??????????????????????????????
?????????????????,????????????????????
?????. ??????????????? [36],??????????????
? [103]??????.
?????? Fig.6.19 , ?????????????????? Fig.6.20???.
Fig.6.20??????,???????????????????????????
???????????,??????????????????????????
????????????????.
6.4 ???????????????????????
6.2???????????? 6.3????????????????,????
?????????????????????????????????????
?????. ?????? Fig.6.21???. ????? 1, 2???????????
????????????????????????????????????. ?
?? 3, 4????????????, ????????????????????
?????????????????????????????? 5, 6. 7. 8???
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Fig 6.17: JAXON opens door and turns valve sequentially with autonomous footstep
planning
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Fig 6.18: Execution time in sequential opening door and turning valve task with proposed
method
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Fig 6.19: HRP2-JSKNT executes skating and opening door task sequentially
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Fig 6.20: Estimated trajectory in skating and opening door task
— ? 6???????????????????????????? — 165
?????. ??? 9. 10??????????,???????????????
??????????????????????. ????????,??????
?????????????????????????????????????
????????????????????????????????.
6.5 ????
????,? 4??????????????????????????????
???????????????????????????????????. ?
?????????????????????????????????????
?,????????????????????????????????????
??????????????. ???????????????????????
?????????????????????????????????????
???,????????????????????????????????.
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Fig 6.21: Continuous multitask experiment with accumulated state estimation by JAXON
?7?
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7.1 ??????
Fig 7.1: Summary of proposed continuous task execution system and its contents
????,????????????????????????????????
?????????????????????????????????????
???????????????????. Fig.7.1??????????????
????????????????????,???????????.
? 1??????????????????????????????????,
?????????????????????????????????????
??????????????.
? 2??????????????????????????????????
?????????????????????????????????,????
170 — ? 7???? —
??????????????????,???????????????????
?????????????????????????????????????
???????. ??????????,???????????????????
??????????????????????????????, ??????
????????????????.
? 3???????????????????????????????????
?????????????????????????????????????
??????. ??????????????????????????????
?????????????????????????,????????????
?????????. ?????????????????,??????????
?????????????????????????????????????
???????. ?????????????????????????????
?????????????????????????????????????
?????.
? 4??????????????????????????????????
?????????????????????????????????????
????,?????????????????????????????????
???????????????????????????????. ?????
??????????????????????????????????,???
????????????,?????????????????????????
?????????????????????????????????????
?????????????????????????????. ???????
?????????????????,????????????????????
????? 2?? SLAM??????????????????????????
?????. ????????????????????????,???????
?????????????????????????????????????
???????????????.
? 5??????????????????????????????????
?????????????????????????????????????
???????????????????????????. ?????????
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????, ????????????????????????????????
?????????????????????????????????????,
????????????????????????. ????????????
??????????????????????????,???????????
?????????????????????????????.
? 6??????????????????????????????????
?????????????????????????????????????
??????????????????????????. ??????????
????????????????????????,?????????????
?????????????????????????????????????
?????????. ???????????????????????????
??????????????????????.
7.2 ??????
???????,?????????????????????????????
?????????????????????????????????????
??????, ??????????????????????????????
??????????????????????????????,???????
?????????????????????????????????????
???????????????????????????????????, ?
?????????????????????????????????????
????????????????????????. ????????????
????.
7.2.1 ?????????
????????????????????????????????????
?????????????????????????????????????
????????????. ????????????????????????
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??,??????????????????????????????????.
???????????????????????????????? 5????
?????????????????????????????????.
????????????????????????????????????
???????????, ?????????????????????????
?????????????????, ???????????????????
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7.2.3 ?????????
?????,???????????????????,???????????
????????. ?????????????????????????????
?????,????????????????????? 40[Hz]???????
?????????????,????????????????????????
?????,?????????????????????????????? 2?
? SLAM??????????????? 5.0[cm]??????? 1.0[deg]???
????????????. ??????????????,??????????
???????????????. ?????????????????????
?????????????????????????????????????
?,????????????????????????????????????
????????.
????????????????????????????????????
??????????????, ??????????????????????
?????????????????????????????????????
?????????????????????. ???????????????
?????????????????,????????????????????
???????????????????.
7.3 ??????
????,????????????????????????????????
?????????????????????????????????,????
?????????????????????????????????????
?????????????, ???????????????????????
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????????????????????????????????????
?????????????????????????????????????
??.
??????????????????, ?????????????????
???????????,?????????????????,????????
????????????????????????????????????,?
?,?????????????????????.
????????,??????, ??????, ??????????????
??????????????????????. ??????????????
???????,??,???????????????????????????
???????????????. ?????????????????????
???????,??????????????????????.
????????????????????????????????????.
????????????,?????????????????????????
???????????,????????????????????????. ?
?????????????????,????????????????????
?????????. ???????????????????????,????
??????????????. ??????????????????????
???????????????????????????,??????????
?????. ?????????????.
????????????????????????????????????
?????????. ????????????????????????????
???,?????????????????????????????. ????
???????,???? 2??????? JAXON??????????????
????. ???????,?????????????????????????
?????????.
???? 3?????????????????????????. ?????
??????????????????????, ??????????????
????????????.
???? 2?????, ???? 2??????? DARPA Robotics Challenge?
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????????????????????. ?????????????????
????????, ????????. ?????? 2?????, ???? 1??
???,???? 2?????,???????????????,???,????
???DARPA Robotics Challenge????????????????????. ?
??????????.
?????? 1?????,???, 2??????,???? 1?????,??
?,???? 2???????????????????????,???????
?????????????????????????????????????
?????. ?????????????.
??????,???,??????????????????????????
?. ???????????????????????????????????
?????. ??????????????.
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?????????????????????? JAXON[70]????, A.1??
????????, A.2?????????????????????? [70, 98, 104,
105]??????????
A.1 JAXON?????????
?????????????????? JAXON??????????????
???????,??????????????????????????????
????. JAXON??????????,??????????,????????
????????????,??????????????????? 190cm???
130kg?33?????????????????????????. Fig.1? JAXON
???????.
A.1.1 JAXON????????
Fig.2? JAXON???????????. ??, Table. 1???????????
???????????????????????????????. Table. 1??
?? Crotch?Knee? pitch?, Waist? roll? pitch??????????????
?????,????????????????????. ???????????
?? Crotch? Knee? pitch?????????????????. Table. 2???
????????????????????????????. JAXON?????
??,???????????????????. ?????? Fig.3? JAXON??
?????????????????????????????????. Fig.3?
????????????OpenRAVE[106]???????????,??????
????????????????????????????. JAXON?????
?? STARO[62]??????????, Atlas?HRP2JSKNTS?????????
?????.
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Fig 1: Hardware overview of JAXON[63]
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Fig 2: Dimension and Joint Placement of JAXON[105]
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Table 1: Gear Ratio, Current Limit and Torque Limit of JAXON[104]
Limb Group
Joint
Harmonic Joint Torque Current Torque Ratcheting
Total DOFs : 33
Gear Pulley Gear Const Limit Limit Torque
Ratio Ratio Ratio [Nm/A] [A] [Nm] [Nm]
Leg Crotch
yaw 160 60:40 240.0 0.0205 69.1 340.0 220
roll 160 60:25 384.0 0.0205 69.1 544.0 500
pitch 100 60:25 240.0 0.0410 69.1 679.9 1000
DOFs : 6  2
Knee pitch 100 60:25 240.0 0.0410 69.1 679.9 1000
Ankle
pitch 160 72:40 288.0 0.0205 69.1 408.0 220
roll 161 60:40 241.5 0.0205 69.1 342.1 220
Torso
Waist
roll 160 60:25 384.0 0.0410 55.2 869.1 1000
DOFs : 3
pitch 160 60:25 384.0 0.0410 55.2 869.1 1000
yaw 160 60:25 384.0 0.0205 55.2 434.5 220
Head
Neck
yaw 160 72:25 460.8 0.0205 30.4 287.2 220
DOFs : 2 pitch 160 72:25 460.8 0.0205 30.4 287.2 220
Arm
Collar yaw 160 72:25 460.8 0.0205 30.4 287.2 220
Shoulder
pitch 160 72:25 460.8 0.0205 30.4 287.2 220
roll 160 72:25 460.8 0.0205 30.4 287.2 220
yaw 160 72:25 460.8 0.0205 30.4 287.2 220
DOFs : 8  2
Elbow pitch 160 72:25 460.8 0.0205 30.4 287.2 220
Wrist
yaw 160 72:25 460.8 0.0205 30.4 287.2 220
pitch 160 72:25 460.8 0.0205 30.4 287.2 220
roll 160 72:25 460.8 0.0205 30.4 287.2 220
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Fig 3: Upper: models of HRP2JSKNTS / ATLAS V3 / STARO / JAXON (left to right),
Lower: reachability maps for left arm of each robots[104]
186 ??
Table 2: JAXON’s range of joint motion and max torque. Left link range is symmetrical
to right link[105].
Limb Joint Range of joint motion Max torquenumber [deg] [Nm]
Head 15 -32.0 to 30.0 220y16 -32.0 to 39.0
Torso
12 -8.0 to 8.0 574.3yy13 0.0 to 32.0
14 -60.5 to 60.5 287.2y
Right arm
17 -17.6 to 81.4
220y
18 -180.0 to 180.0
19 -180.0 to -15.8
20 -180.0 to 180.0
21 -125.5 to 60.0
22 -180.0 to 180.0
23 -89.0 to 87.0
24 -80.0 to 59.0
Right leg
0 -58.8 to 62.9 220y
1 -41.5 to 30.0 450y
2 -121.4 to 45.0 679.9yy3 0.0 to 158.9
4 -79.4 to 84.4 220y5 -60.0 to 60.0
yRatcheting torques of harmonic drive reducer
yyTorques calculated from the current limit of motor driver system
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A.1.2 ?????????????
????????????????????????????????????
???????, JAXON?? Fig.4??? THK?????????????. ??
??USB??????????,??????????????????????
??????????. ?????? 3??????? 1????????????
???, ?????????????????????????????????
?????????????????. ???????????????????
???????????????????????.
Fig 4: Left: THK hand, Right: Isolator for THK hand[104]
A.1.3 ???????????????????
Fig.5 ? JAXON?????????????????????. JAXON???
????????? [107]???????????????????????. ??
???????????????????????????????,??????
???????????????????????????????????, ?
???????????????????????.
?? JAXON???????????????????? ???????Fig.6?
??. ??????????????????????????????????
???????????????? [56],???????????????????
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??????????????????????????? [108]. JAXON???
???????????????????????,??????????????
??.
Connector to Motor 
Power Source 
Thermo Sensor 
Motor
Absolute Encoder
Motor Encoder
Communication Line
To Next Board
Communication Line
From Previous Board
Adjunctive
Data correction board
Water Cooling Head 
Switching Board 
Communication and 
Motor Control Board 
Fig 5: Joint Control System for each Joint[98]
JAXON????????????????????????,????????
????????????????????????. ????????????
?????????????????????????????????????
?????????????????????????????????????
?. ??? JAXON?????????????????????????????
???, ?????????????????????????????????
?????????????????????.
?????Maxon???DC????????maxon EC-4pole 30 200W????
????ANALOG DEVICE???TMP03,??????????????Heiden-
hain???ECI 1118,???? ????????????Koolance???PMP-500
Pump,??????Koolance???HX-120XC,????X-FAN???RDH1238B
?????.
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Fig 6: Water Cooling System. Upper: dimension and photo of double motor case[108,
98] Lower: water circulation and cooling system / reserver - pomp - radiator[104]
190 ??
A.1.4 ???????????
JAXON??????????????? 5V, FET??????????????
12V, ?????????? 24V?????????? 80V? 4????????
??. JAXON????? 1???????????????????????, 80V
??????? 3?, 12V??????? 5???? 12V??? 80V??????
??????????? 80V?? 24V????? DCDC? 12V?? 5V????
?DCDC????????????. JAXON????? Li-Fe????? Fig.7?
??. ?? Table. 3????????, Fig.8????????? JAXON?????
?????????????????. ???????? Fig.8?????????
????????????????????????????.
Fig 7: 12V Line Li-Fe Battery, 80V Line Li-Fe Battery and Charging Station (left to
right)[104]
Table 3: Specification of batteries[70]
Name
1 cell 1 cell Parallel Series Voltage Capacity
voltage[V] capacity[Ah] number number [V] [Ah]
12V
3.3 15 1 4 13.2 15
battery
80V
3.3 2.5 1 22 72.6 2.5
battery
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Fig 8: Li-Fe battery Voltage Transition[109]
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A.1.5 JAXON??????
????????????????
Fig 9: Main sensors in JAXON: 6-axis force sensor(JR3 67M25S3-M40B-DH), 6-axis
force plate(Leptrino CFP230QA202R), IMU(Xsens MTi-300-6A5G4).[104]
Fig.9?????? JAXON????????????????????? 6??
??????. ?? 6????????????????, JAXON1???????
JR3 67M25S3-M40B-DH???? Leptrino CFP230QA202R?, JAXON2?????
???? JR3 67M25S3-M40B-DH???????. Table. 4? Table. 5?? 6???
????????. ?? 6?????????????????????????
???????????????,???EMI??????????. Fig.10?EMI
?????????????????????.
Table 4: Specification of JR3 67M25S3-M40B-DH [110]
Diameter 67mm
Thickness 25mm
Weight 370g
Fx, Fy 600N
Standard Measurement Range Fz 1200N
Mx, My, Mz 40Nm
Resolution 1/16384
??, Fig.9?? JAXON???????????????. JAXON??Xsens?
?MTi-300-6A5G4?????. ???????????????????????
?,???????????????????????????????????.
Table. 6????????????.
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Table 5: Specification of Leptrino CFP230QA202R[104]
Demensions 230  135  30 mm
Weight 2000g
Fx, Fy 1000N
Standard Measurement Range Fz 2000N
Mx, My, Mz 200Nm
Resolution 1/2000
Fig 10: Force Sensor Output in no-load: Left: without EMI filter, Right: With EMI
filter[104]
????????????????
JAXON??????????, Fig.11 ??? Carnegie Robotics??MultiSense
SL?????. ???????????????? roll????????????
????????????????????????, ????????????
????????????????????????????????????.
MultiSense SL???? Table. 7???.
A.1.6 ??????????????
JAXON????????????????????????????????
???? PC???????????????????????????????
??????? PC? 2??????. Fig.12???, Table. 8??????.
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Table 6: Specification of Xsens MTi-300-6A5G4 [111]
Orientation accuracy
Roll / pitch Static Typ : 0:2 /Max : 0:25
Dynamic Typ : 0:3 /Max : 1:0
Yaw 1:0
Sensor specifications
Gyroscopes Accelerometers
Typ Max Typ Max
Standard full range 450 / s - 50 m/s2 -
Bias repeatability (1 yr) 0:2/s 0:5/s 0.03m/s2 0.05m/s2
In-run bias stability 10/h - 40  g -
Bandwidth (-3 dB) 415 Hz N/A 375 Hz N/A
Noise density 0:01/s/
p
Hz 0:01/s/
p
Hz 8 g/
p
Hz 1 g/
p
Hz
g-sensitivity (calibrated) 0:003/s/g 0:015/s/g N/A N/A
Non-orthogonality 0.05 deg - 0.05 deg -
Non-linearity 0.01% FS - 0.03% FS 0.5% FS
Magnetometer Barometer
Typ Max Typ Max
Standard full range -  80  T - 300-1100 hPa
Noise density 200  G /
p
Hz - 0.1 hPa /
p
Hz -
Non-linearity 0.1% FS - - -
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Fig 11: Vision sensor for JAXON(Carnegie Robotics MultiSense SL).[104]
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Table 7: Specification of Carnegie Robotics MultiSense SL [112]
PHYSICAL DETAILS
Demensions 18  18  13 cm
Weight 2:6kg
Operating Temp  10C to 50C
Input Voltage 24V DC nominal, 18V to 28V max
Power Draw 20W nominal, 75W @ peak RPM /full lighting
Interface Gigabit Ethernet, Opto-Isolated I/O
Sensors Stereo Vision, Laser Range Finder
STEREO DETAILS
Algorithm Semi-global-matching
Range 0:4m to 10m
Std Lens FOV: 80  45, Focal Length: 6.5mm
Output 2Mpx: 10FPS, 240 disparities
0:5Mpx: 30FPS, 240 disparities
Depth Resolution @1m: 0:3mm, @10m: 30mm
Standard Imager CMOSIS CMV2000, mono or color Bayer
Optional Imager CMOSIS CMV4000, mono or color Bayer
LASER DETAILS
Model Hokuyo UTM-30LX-EW
Laser 905nm class 1 laser
Scan rate 40Hz
Field of view 270 degrees
Angular Resolution 0:25 degrees (1081 samples per scan)
Detection range 0:1m - 30m
Accuracy 30mm (0:1m-10m), 50mm (10m-30m)
Multi-Echo Up to 3 returns per sample
IP rating IP67
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Fig 12: Control PC and Vision PC inside Robot back pack[104]
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Table 8: Specification of computers[104]
Control PC Vision PC
mother board GIGABYTE H61N-USB3 GIGABYTE M4HM87P-00
Dimensions 215206.5106 mm 62111.4111.4 mm
Weight 3.0kg 0.4kg
CPU
Intel Core i7-2700K Intel Core i7-4770R
3.5GHz/4core/8thread 3.20 GHz/4core/8thread
Memory 16GB 16GB
SSD 128GB 480GB
OS Ubuntu 12.04 32bit Ubuntu 12.04 64bit
Kernel lowlatency kernel generic kernel
?? 199
A.2 JAXON?????????
Plugin
H
rp
sy
sS
eq
st
at
eR
O
S
B
rid
g e
OpenHRP3
Gazebo
User Applications
Real Robot
 JAXON
 STARO
 etc.
hrpsys Controller Manager
OpenRTM
Sequencer
Collision detector
Impedance controller ...
Common IO Interface
OepnRTM 
modules
ROS modules
  C++
  Python
  Java
  EusLisp
O
pe
nR
T
M
R
O
S
 J
oi
nt
Tr
aj
ec
to
ry
R
O
S
  m
es
sa
ge
   
S
en
so
r 
D
at
a
   
Jo
in
t A
ng
le
   
Li
nk
 P
os
eROS  message
OpenRTM
R
O
S
  m
es
sa
ge
Hardware
Control
O
pe
nR
T
M
/R
O
S
br
id
ge
 s
ys
te
m
O
pe
nR
T
M
EusLisp
Robot Interface
RobotHardware Module
Robot Model
Robot Hardware Control 
System inside the robot
Feild Computers
Layer
Operator Control Station
Layer
Tunnel
Perception 
Modules
Fullbody Motion 
Planner
Fullbody Motion 
Planner
Narrow 
Path
Fast 
Path
Input
Devices
3-D GUI
2-D GUI
Hardware 
Control
Layer
Robot Body 
Control
Layer
Fig 13: Whole system diagram of JAXON[98]
Fig.13? JAXON?????????????. JAXON???????????
????????????,?????????????????????????
??????. ??????????????????.
A.2.1 ?????????
?????????? JAXON???????????,???????????
??????????????????????????. ??????????
??? Fig.14???????????????????????????????
??????????????????. ??,????????????????
?????. ???????????????????????????????
?????????????????????????????????????
????, JAXON???????????????????, ?????????
?????????????????????????????????????
??????. ??????????????????????????????
?,?????????????????????,??????????????
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Fig 14: Detailed system diagram of motor servo system[104]
?????, ???????????????????????????????
????????????????????????,?????????????
????????????????.
A.2.2 ?????????
JAXON??????????????Fig.15???. JAXON?????????
???, 1000[Hz]??????????????????????? 500[Hz]??
???????????????????2??????????????????.
????????????????????,????????????????
??? PC?????????????????,???????????????
?????????????????????????.
????????????????????????????????????
?????????????????? OpenRTM[113, 114, 115]???????
?????????????????? hrpsys-base[116]?????. OpenRTM?
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Fig 15: Detailed system diagram of robot body control system[98]
?????????????????????RTComponent(RTC)???????
?????????????,????????????????????????
?????. hrpsys-base??????????????????????????
??????????? Fig.16???.
OpenRTM? hrpsys-base?????????????????????????
?????????????????????????????????????
??API? Fig.13???Common IO Interface???????????,?????
?????????????????????????????????????
??????????????????????????????OpenHRP3[117,
118, 119, 120, 121, 122], Gazebo[123]?????????????????????
?????? [124].
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Fig 16: Detailed system diagram of hrpsys-base[17]
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A.2.3 ?????????
JAXON???????????????????,?????????????
??????????????????? Robot Operating System(ROS)[125]??
?????????????????????.
?????????????????????????????????????
????????????????????????????OpenRTM????
??????????????ROS???????????????????. ??
??????????????????????????,??????OpenRTM-
ROS?????????? [126, 127]????. ????? hrpsys-base?????
RT?????????????????? ROS???????????????
???,??? hrpsys-base????????????ROS???????? hrpsys-
base?RT????????????????????????,????????
????OpenRTM? ROS????????????????????????.
?????????,??????? SLAM????????????????
JAXON???????????????????. ???MultiSenseSL????
?????????????????? Point Cloud Library (PCL)[128]? ROS?
???????????????????????????????????.
?????????????????????????????????????
?????. ?????????????????????????? Euslisp[129]
???????. Euslisp????????????????????? Lisp???
????, ????????????????????????????????
????????. hrpsys-base, OpenHRP3, ROS, Euslisp???????????
VRML, URDF, Eus????????????, Fig.17?????????????
?????????????????????????????????????
??????????????????????.
?????????????? ROS?????? RViz??????????
???????????. Fig.18 ??????????????????????
?????????????????????????????????????
????????????????.
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Fig 17: Model conversion system for software integration[98]
Fig 18: Robot State Motitor in RViz [104]
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